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_. PREFACE

_, The 9th Aerospace Mechanisms Symposium, held a_ the John F. Kennedy Space
Center, Florida, October 17 and 18, 1974, was sponsored jointly by the National

_' Aeronautics and Space Administration, Lockheed Missiles and Space Company, Inc.,

'_ and California Institute of Technology This symposium is devoted exclusively

to an interchange of ideas and information on aerospace mechanisms.

. Contributions were from NASA Research Centers, U.S. universities, and U.S.
_ manufacturers.
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1. FORWARD BEARING REACTOR MECHANISM FOR TITAN II_/

CENTAUR D-IT SPACE LAUNCH VEHICLE

/ j ,

Richard A. Jones

General Dynamics/Convair Aerospace

San Diego, California

SUMMARY

_ This paper describes a load sharing system between the Titan/Centaur

i_ launch vehicle and its aerodynamic shroud. The system provides a pre-

cise spring constant and is capable of. being inactivated during flight. De-
_ sign requirements, design details, and the test program are discussed.

,/ The conventional English system of units was used during this develop-
ment program for all principal measurements and calculations.

,"

INT RODUC TION

The Titan II]._/Centaur D-1T is the nationls newest space launch vehi-

iT cle. The vehicle has recently been developed through the marriage of the

; newest booster in the Titan HI family with the latest version of Centaur,

!_, the rlation's first high energy upper stage vehicle. The Titan/Centaur .

_ vehicle was developed to launch the Viking spacecraft to Mars in 1975. It

is also to be used to launch the Helios solar probe payloads and two

_ Mariner-Jupiter-Saturn payloads in 1977. The configuration is character-

il ized by a newly developed bulbous 4. 27 meter (14 foot) diameter Centaur

_: Standard Shroud (CSS) which covers the payload, the Centaur, and part of

the Titan/Centaur interstage seructure. The shroud is attached to and

cantilevered from the interstage structure. The Titan/Centaur vehicle is

shown in Figure 1.

: In order to gain the cost effectiveness of commonality, the Centaur

_ D-IT utilizes the same propellant tanks as those used on the version of

_ Centaur which is flown on the Atlas booster. The propellant tanks, in

i addition to containing the Centaur propellants, are pressure stabilized in :
order to react vehicle external loads. For the Atlas/Centaur the loads _ _

_ are normally critical at 1) launch due to payload lateral excitation, Z) at _ •

_ the time of maximum aerodymamic pressure, 3) at booster engine shutdown, _

2, .,_
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and 4} at the various Centaur engine starts a_d shutdowns. For the Titan/
Centaur, those four critical load times _re identical to the Atlas/Centaur

except for the maximum aerodynamic pressure load. The tanks are not

subjected to aerodynamic loads because they are protected by the CSS.
However, the other three critical load conditions, which are mainly pay-

load weight originated, cause, higher loads in the Titan/Centaur propel-
lant tanks because the Titan/Centaur vehicle has a greater payload weight
capability than the Atlas/Centaur. Analyses showed that the common +

propellant tanks could withstand all the larger Titan/Centaur loads except
the launch lateral transient load imposed by the payload. Under this load
condition, the aft end of the tanks became structurally critical clue to the

bending moment resulting from tl_e relatively long cantilever support of the

"payload.

Two methods to alleviate that situation were considered; first, to in-

crease the tank pressures and second, to provide a lateral load sharing
device with the shrocd. The first method had the disadvantage of re-

quiring increased tank skin gages, revision to the pneumatic system, and
revisions to many other related vehicle components and systems. In
short, the propellant tanks would no longer be common. The second
method, in ad4ition to the advantage of preserving commonality of the
tanks, had a further advantage of supporting the shroud during the aero-

i dynamic load period of flight. Since CSS-to-payload and CSS-to-Centaur
relative deflections are critical, CSS reeight would be excessive if it had

to be designed as a cantilevered stru, ::are attached at its aft end. A

lateral support for the CSS to sl_re airloads with the Centaur structure
; reduced the required CSS stiffness and thereby reduced its weight.

Conceptnally, the ideal load sharing device would consist of a series
of closely spaced springs between the Centaur vehicle and the CSS. This
ideal system is shown schematically in Figure 2.

DESIGN I_EQUIREMENTS

The lateral support system was named the Forward Bearing Keactor
(FBR) and the following requirements were establi_-hed for its design:

A. The lateral support system was to be mounted at the forward e_l

of the Stub Adapter, which is near the forward end of the cylin-

drical portion of the Centaur vehicle. See Figure 1. :+_

_ 2

1976012084-010



" I

C

_ B. :he maximum lateral limit load capability of the Centaur vehicle
at the station location described above is 88,965 Newtons (20_ 000
pounds). The maximum allowable deflection at that location is

_ plus or minus 2.54 centimeters (1 inch), based on CSS-to-payload ,

!_: clearance limitations and allowable motions designed into compo-

i_ nents spanning between the CSS and Centaur. Therefore, a ma_-_i-
mum spring constant was established for the FBR system to be

• _ 35, Z93 Newtcns per centimeter (Z0, 000 pounds per inch). Addi-

_ tionally, in order tn facilitate overall vehicle loads analyses, it
_ was required that this spring constant be constant over the full

range of deflection of plus or minus 2.54 centimeters (1 inch).
: /

_ _ C. The FBR had to with3tand a thermal environment of -54°C (-65°F)

to +71°C (+160°F) and a pressure enviroment of sea level to
_ 1 millimeter of mercury.

D. The presence of an FBR during the aerodynamic heating phase of

_ flight is objectionable because of the asymmetric loads intro-
_ ! duced into the CSS. Therefore, a requirement was estab]ished

that the FBR system had to be made incapable of load transrrittal
_ after maximum aerodynamic loads were reduced but before sig-

nificant aerodynamic heating had begun.

E. The FBR system had to provide sufficient clearance so that there
would be no '_tang-up" or 'q_umping" during CSS jettison.

F. The system chosen to render the FBR system incapable of load
transmittal in flight had to be redundant. The system also had to
be self-containing (no debris) and if there was a shock environ-
ment associated with the system, the shock levels had to be low.

_, G. Any material left on the Centaur vehicle after jettison had to
_ either be local and confined close to the vehicle or, if the mate-

rial protruded outboard, it had to be non-metallic. This was re-

• _! quired so as to not cause interference w_th antenna patterns from
_ the antennas located just aft of the FBR system.
e

, ¢

_ H, The FBR system had to be capable of sustaining an axial deflec-

i tion o_ the vehicle moving a_t with respect to the CSS of I. 75 centi-
meters (O. 69 inch) at liftoff and I. 47 centimeters (O. 58 inch_ during

_" the period of maximum aerodynamic pressure. This is caused :_A
PL_

_" mainly by cryogenic shrinkage of the Centaur propellant tank.
,i

ii ,
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I. There was a design goal to make the system light with minimum

system weight remaining with t:_e vehicle. Since the CSS is
i jettisoned rather early in flight, the trade-off fac_=r with pay- , .:

load weight is more favorable for CSS weight than for vehicle
weight.

CONCEPTS

Several concepts were studied to identify a system to meet the above i_

requirements, l"ne concepts are listed below with a brief description
of each.

Struts with Elastomeric Links and Elastomeric Spheroids

These two coucepts were basically similar; they both employed elas-
tomeric material to provide the precise spIing constant required. How-

ever, preliminary studies and analyses indicated that it might not have
been possible to design an elastomeric device which would have a linear
spring constant over the temperature and load r_nge required. The deve-
loprncnt program to determine the shape of the elastomeric material, if

• any, that woul._ _atisfy the requirements was considered risky.

Struts with Pneumatic Cylinders

This concept consisted of a pneumatic pressure compart_nent within

a strut to provide the desired spring constant. The disadvantages of this

system included its complexity because of the required gas storage pro- i:
visions, piping, valving, etc. Although not studied in any great depth

: because of the system complexity, other obvious disadvantages were the
diff_.ulties o_ obtaining a linear spring constant, and possible syster,_
leakages _hich would result in pressure variation. Also, pre._sure

v_riations caused by the wide temperature range would cause difficulties
in providing a precise spring constant.

"., Pneumatic Tube

This concept consisted of a pressurized rubber '_ionut" shaped tube

which transferred loads by bear_, ig through the use of rollers or teflon
slide pads. In addition to the disadvantages associated with pneumatic .

{

systems listed previously, it was found ana].ytically that a relatively
high pressure was required to obtain the design spring constant. In an

/-

4
|
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: • effort to achieve a near linear spring constant, tapered tubes and mt_ltiple

concentric tubes each, having a different pressure were considered. There

was also a concern that, even though a low friction slide pad was provideds

, the tube would not maintain its shape when a relative CSC_-to-Centaur axial .

deflection occurred qimultaneously with a load transfer. The complexity

and development risk were considered too great to choose this concept.

:: Thin Flat Sheet of Stainless Steel Cut by a Linear Explosive

, This system had the advantage of cc_nbining the forward annular com-

i partrnent seal with the load transfer device. Howeverp it was felt that it

would _e difficult to obtain a precise linear spring constant. This concern

would be compounded as the sheet developed shear buckles. The linear

explosive device technology existed; however, no developed, tested sys-

tem could be found which would operate in a plane _ound a curve. Uti-

i lizing a system operating in a series of straight lines had the disadvant-

ages of leaving too large a 1.1etallic "shelf" which violated the antenna

pattern requirement.

_ Struts with Conical Washers

t

This system consisted of a series of struts which co_tained conical

or t_elleville"washers to obtain the desired sprLng constant, and a pyro-

technic device to inactivate the strut load carrying capability. Due to the

length of strut required to package the number o£ conical washers re-

quired plus the pyrotechnic device, it w_.s not possible to use radial struts.

Therefore, a _eries of _ix struts spanning the CSS/Centaur vehicle annulus

at an angle was proposed, This was the system chosen for development and

is discussed h, detail in the _ollowing sections.

FORWAg_D BEARING I_EACTOII SYSTEM DESCRIPTION

, Total System Description

The FBR system consists of a series of six double acting spring struts

located symmetrically around the CSS/vehicle _nnulus as shown in Figure 3.

The struts are located nearly tangent to the Centaur Stub Adapter to faci-

litate load introduction. Load introduction into the CSS at a much greater

angle is acceptable :ecause of the existence of a deep frame located there

for other reasons. Two o£ the struts are located in the plane of the Titan

Solid l_ocket motors to share the majority of the launch lateral loads de-

_ veloped by the unbalanced thrurt buildup of the n_otors. The quantity of

1976012084-013
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four additional struts was chosen because the strut load magnitudes are
small enough to be easily reacted by the C$S and Centaur, preferential
load introduction structure is located on the stub adapter at these loca-

tions, and it preserved the required symmetry of the system.

The struts are installed with the inboard end 1.60 centimeters (0.65
inches) forward of the outboard end. As the Centaur vehicle moves aft

relative to the CSS (due mainly to Centaur propellant tank cryogenic
shrinkage) the struts move more into a station plane. Rotation of the
strut ends about the attachment ilttings is acccTnplished by use of sphe-

rical strut end fittings. 7

Strut Configuration

The individual struts as shown in Figure 4 are nmninally 71.12 cen-

timeters {Z8 inches) long. The strut has a separation plane inclined

1.4 radians (80 degrees} to the strut centerline. That portion of the
strut to the right of the separation plane is the stub adapter mounted in-
board portion; that portion to the left of the separation plane is the CSS
mour.ted outboard portion. The precise spring constant is obtained by

compressing the stack of ZZ conical washers installed in the outboard
port:on of the strut. The washers are stacked in series rather than in
parallel to reduce the frictional losses and non-linearit7 associated with
a parallel stack. If a c_npression load is applied to the strut, the load
is transmitted through the piston to the compression thrust washer. This
co_npresses the conical washer stack against the tension thrust washer,

! which then transmits the load into the barrel, A tensile load is trans-

mitted through the piston into the cap which loads the tension thrust
washer. This in turn compresses the conical washer stack against the

: compression thrust washer which then transmits the load into the housins°

The conical washer chosen has the following properties:

OD = 8.00 cm (3.15 in° ) I: =. 4999 cr,_ (. 1968 in. )

ID : 4.09 cm (I.61 in.) Spring Rate Kw = Z77. 050 N/cm
(is?. ooo)lb/in

1 22
Therefore: = --

: KStack Kw .

6
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Knowing from previous tests that the strut spring constant, K, without the

conical washers is approximately 255,875 Newtons per centimeter
(145,000 pounds per inch):

1 1 1 1 Z?-
- + = +

KStru t K KStac k K K w

: _ KKw 255,875 (277,050)
- - = 12,003 N/cm

_; KStrut _ + ZZK 277, 050 + 22 (255,875) (6802 ib/in.)

The spring constant of the CSS, KCSS, was determined to be approximately

:_ 882, 326 Newtons per centimeter (500,000 pounds per inch) and the Stub

Adapter spring constant, KS/k , was determined to be approximately
;_ I,764,552 Newtons per centimeter (i,000,000 pounds per inch). Ex-

treme accuracy of the spring constants was not required because the total
: system spring constant is not sensitive to the support structure. Be-

cause o_ the geometrical configuration of the struts, it can be shown that

for any direction of shear load the equivalent of three struts placed parallel
to the direction of loading will react the load. Therefore, the system

: spring constant is determined as follows:

1 1 1 1
_ + -- +

KSYS KCSS KSA 3KStrut

1 1 1
- + +

882,326 I,764,552 3 (12,003)

Ksy S = 33,932 N/cm (19,229 Ib./i',.)

Itcan be shown that using 21 conical washers in lieu of Z2 exceeds the

maximum 35, 2.93Newtons per centimeter (20,000 pounds per inch) re=

quirement. ]_nelinearit7of the strut spring constant in tension and com-

pression is shown, in Figure 5. This load/deflectioncurve was obtained

by testing one of the struts flown on a recent vehicle. All flightstruts

are similarly tested and the curves from strut to strut are very uniform.

Note that there is very good agreement between the theoretical strut

spring constant of lZ, 003 Newtons per centimeter (6802 potu]ds per inch)

and the test values. The spring constant in tension is less than Z. 5 per-

cent low and in c(=npres_ion is less than 0.5 percent low. The strut

spring constant withoat conical washers of 255,875 Newtons per centi-

meter (145,000 pounds per inch)was obtained by testin_ an old'strut _

design. Itis suspected the present strut spring constant is lower, and

7

,<

i L
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this brings the theoretical value even closer to the test values. As an

additional data point, tests run on conical washer stacks with spring rates
four te five times higher also exhibited good linearit7, except for a small
non-linear zone near the point whe_-e the load shifts from tension to com-
pression.

The two strut segments re held together at the separation plane

by use of a pyrotechnically actuated frangible bolt. Since the two re-
dundant pyrotechnic cartridges must be installed late in the launch count-
down, pyrotechnic cartridge access holes are machined into the strut

body. The mechanically redundant frangible bolt is stronger (and there-
fore is larger) than required for this application; however, it is a flight
qualified device used in many other applications on Centaur and was used

in this application to gain the advantages of cmnmonality.

The frangible bolt is shown in Figure 6. Separation is initiated
when either or both of the cartridges a:'e actuated generating a gas pres-
sure on the face of the primary piston (3) which applies a force on the

elastromeric coupling (6). The coupling amplifies the force, as a fluid
would, and loads the secondary piston (7) by a factor of 3.15 to 1. The
_econdar7 piston in turn react_ against the secondary piston on the oppo-
site side, which pushes against the insert (5) and subsequently the housing
(1), putting the fracture plane in tension. .ks internal forces build up,

the bolt breaks at the fracture plane and the bolt halves are driven apart

by the stored energy within the system. The bolt has an ultimate break-
ing strength of 182,377 Newtons (41,000 pounds) to 204, 618 Newtons

(46,000 pounds).

Strut tension loads are transmitted directly through the frangible

bolt; compression loads, which apply a shear force along the face of the
separation plane, are reacted by a pair of shear pins extending across
the separation plane. It is undesirable to load the frangible bolt in shear
because of its low capability to carry shear through the frangible groove
and also because the bolt is clamped on spherical seats in a loose fit hole.

When either o _ both pyrotechnic cartridges are acttmted, the bolt fractures
through the groove andp as stated previously, a high velocity is imparted
to the two halves. The velocity of the ha]f on the inboard end is arrest-

ed by bottoming out on a rubber "O" ring. The shear pin assembl 7 is
attached to the outboard half and as the bolt half is driven away from the

separ_tion plane it withdraws the shear pins. The bolt half/shear pin
assembly velocity zs arrested by bottoming out on a metallic stop. The

j j'
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: possibility of rebound so that the shear pins reposition themselves back
across the separation plane is prohibited by use of spring fingers which

snap in place after the assembly passes by.

_ In order to meet the requirement that the FBR camlot transmit
l_ad during significant aerodynamic heating, the strut is separated by the
_rangible bolt 100 seconds after launch. At that time a conservative
analysis showed that there could be as much as 20,017 Newtons (4500

._ pounds) tension or compression load in the struts. It was found during

3: the test program of the original strut design that when the frangible bolt
was actuated with that compression load on the strut, it often failed to
separate. Due to the large deflection of the strut at this load (approx-

imately 1.75 centimeters)(0.69 inches) the separation plane remains
loaded through many degrees of rotation, rather than achieving im-

mediate separation. As a consequence, frictional forces prohibited

strut release. "I_e surface finish was a high temperature curing solid
film lubricant applied to hard anodized aluminum separation fittings. It
was found that after the lube was applied, its surface consisted mostly
of a concentration of the phenolic resin binder material. After the sur-

faces were carefully hand burnished (removing the surface concentration
of binder material), acceptable strut separation was obtained. How-

ever, this was not an acceptable solution for production parts because oZ

the problem of describing to the factory how much (or how little) to bur-

nish and the improbability of obtaining consistent parts. Too little bur-

nishing would not remove the binder material from the surface; too much
burnishing would remove all of the very thin coating (0.00051 to 0.001Z7
centimeter) (0.000Z to 0.0005 inch). Therefore, a test program was

initiated to determine if a surface finish could be found which would

guarantee strut separation and would be producible.

Many different bearing surface finishes and !ubricants were tested

including anodized ar.d hard anodized aluminum alloy, hardened steel with
polished ii._ishes, chrome plated steels, teflon coating, and various
greases. The test program was accomplished using a set of three
plates sandwiched _uad clamped together. The center plate was pulled
while the two outer plates were held. The loads for the center plate to
first move, and then to continue moving, were recorded. Based on the
relative values so obtained, the best surface finish, by far, was a cQrn-

bination of a special grease consisting of 10 percent by weight of molyb- 1
denum disulfide powder mixed with a 90 percent by weight of silicone

_:, grease, applied to aluminum alloy separation fittings which had a hard, , o

dense chrome plating electrodeposited on the bearing surfaces.
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There are several reasons why this combination was best. The molyb-

denum disulfide powder has a low coefficient o{ friction, and also has an

extremely high compressive load allowable. The silicone grease is a

viscous carrier which flows as the surfaces slide, and it retains this pro-
petty down to the lower temperature limit of -54°C (-65°F}. The effective-
ness of the molybdenum disulphide powder was demonstrated during the

slip tests. Load values measured with the molybdenum disulphide
powder plus silicone grease were only Z5% to 30% of loads measured with
silicone grease alone. The bearing surfaces were chrome plated to pro-
vide hard, smooth surfaces for the powder to act upon. The chrome is
applied by an outside vendor using his proprietary method ot electrode-

position at a low temperature. The plating thickness is 0.000127 to
0.00127 centimeter (0.0005 to 0.005 inch), has a Rockwell "C" hard-
ness of 70-72, and a surface finish of 12-16 RMS. These properties are

similar to those achieved by the conventional high temperature electrode-
posited chr_ne plating per QQ-C-3Z0; however, it does not contain the
numerous surface microcracks that the conventional chrome plating does.

Another advantage is the absence of warping or the possibility of hydrogen
embrittlement (where applicable) inherent in the high temperature pro-
cess.

The slidingaction then occurs due to the slidingof one hard smooth

surface upon the other, the surfaces being held apart by, and riding on the

low coefficient of friction molybdenum disulphide powder. The relatively
fine powder is effective because the surfaces are very hard and smooth
and contain no surface microcracks.

Retract System

After the frangible bolt is actuated and the separation plane shear
pins are driven away from the separation plane, the strut segments are

: rotated away from each other. The inboard segment is rotated and held

in a position along the Stub Adapter; the outboard segment is like.wise
rotated and held in position along the CSS. The rotation is sufficient to

preclude any further load transfer and to provide su/ficient clearance during

CSS jettison. See Figure 7 for a structural arrangement of the rotation
components.

The inboard segment has a spring looped around the strut body,

Upon strut separation, the spring rotates the strut about the spherical end
bearing and holds it in place in a saddle mounted on the Stub Adapter. The

10
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outboard segment is retracted and held in place by a pair of spring/cable

assemblies. The primary system consists of a spring cylinder mecha-
nism mounted on the CSS which is attached to a cable that is routed arou,m

a pulley and attached to the strutnear the separation plane. The cable of

_ secondary spring/cable assembly is looped around the strut body further
outboard on the strut, is routed around another pulley in the opposite
direction from the primary system, and is then attached to a stretched

: spring which is mounted on the CSS. When the strutseparates, both sys-

tems pull itoutboard untilitslams intoa block of aluminum honeycomb.

!_ At that point, the primary system cylinder mechanism locks in place pre-
_ cluding the cable from being pulled back ou'_of the cylinder. The second=

_: ary system assists in holding the strut outboard and also applies a for-
ward force to hold the strut up off the annular seal located just below the
struts. See Figure 8 for a photograph o£ one strut installed in flight con-

figuration.

i TESTING

Three types of tests were performed on the strut system: component

tests on a one-strut configuration, system tests on a complete six-strut
configuration, and one flight test to date.

Component Testing

Component tests were performed on one strut and its retraction hard-

ware mounted in a test fixture which simulated the end mounting fittings,

the retract hardware mounts, and the annular seal mounted just aft of the?

strut. When there is a burst pressure acting on the seal, it bears on the

struts and applies a forward load. Testing was accomplished at the tem-
perature and pressure extremes, with both tension and compression loads

on the strut, with and without pressure on the seal, and by actuating one

pyrotechnic cartridge and also actuating both pyrotechnic cartridges. All
these tests were successful except the strut failed to separate when the

original design vlas tested when loaded in compression. The solution for
this failure has been discussed previously, When the separation plane suro
zaces were modified as discussed, separation tests when loaded in com-

pression were successful.

"Off limits" testingwas also accomplished. These tests included

actuation of onlF one pyrotechnic cartridge which contained 80% of the _r

standard charge, a test at -18°C (0°F) and high humidity which formed ice/

11 _iI
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frost, and a test with the grease left off the separation plane surfaces. Both
the 80_0 cartridge test and the ice/frost test were successful_ however, the

no grease test, when act_:ated with the strut loaded in compression, was un-
successful.

Other component tests included structural testing to limit and ulti-
mate loads, and tension/compression cyclic loading. No problems were
encountered during this testing.

Systems Testing

' Both functional and structural testing was performed on the FBR at

the system level using flight configuration hardware. Five functional sys-
tem tests were performed. All five tests were performed with cryoge-

• nics in the Centaur fuel and oxidizer tanks, plus two of the tests occurred

while a CSS/Centaur relative shear load was applied. All struts sepa-

rated and retracted normall/ on each test as indicated by strain gage and
i breakwire instrumentation.

Data were obtained on FBR total system load versus CSS-to-Centaur
relative deflection during many of the Titan/Centaur system structural
test runs. Two types of tests were performed, one in which a shear load

was applied only to the CSS, and the other where a _hear load was appl_ea

to the CSS plus a shear in the reverse direction applied to the Centaur.
This latter test was required in order to develop the full 88,964 Newtons

(20,000 pounds) shear !_ad in the FBR system. Using only the CSS shear
load application to c_ .ain _h_ 88,964 Newtons (20,000 pounds) load at the
FBI% station would have re ",_lted in overloading the CSS locally where the
load was applied.

Typical data from each of the two types of tests are shown in Figure 9.

Included in the figure is a plot of FBK total load versus CSS-to-Centaur
relative deflection for the CSS shear load only test. These data illustrate

the linearity of the system. All other test data were similarly linear. All

the data plots like that shown in Figure 9 were generated by computer
using strain gag_ data from each strut. The computer first determined

the total system load at various CSS-to-Centaur relative deflections by

vector summing the individual strut loads. The CSS-to-Centaur relative
deflections were also calculated by the computer using the strain gage
data together with the pretest ioad/deflectlon calibration data of each strut.

i Finallt_ the computer plotted the load/deflection data as shown in Figure 9. ,

12
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Note that the spring constant calculatedfrom the data in Figure 9 is ,
_:_ very close to the analyticalprediction of 33,932 Newtons per centimeter

I
_-, ,!?, Z29 pounds per inch). As noted in the Figure, the test data is
i, slightly (less than 5_0) higher. This was typical of all the test data and

: _ was attributed to the spring constant of the support structures (the CSS

__ and Centaur) being a little greater than that approximated in the origi-

n. l_al analysis.

,_ Flight Tests

The FBR system has flown once to date on the first Titan/Centaur

launch _-ehicle. All telemetry data indicated thatttteFBR system £unc-
? tioned satisfactorily,_nd that the maximum in-flightshear load was ap=

proximately 31, 137 Newtons (7000 pounds) occurring both at launch and

during the maximum aerodynamic pressure period of flight.

CONCLUDING REMARKS

The spring strut system described herein is a simple and effective

_ method of sharing load between two concentric structures with a known_

precise spring constant. The additionalrequirement to remove the

load transfer capabilityremotely in flightadded complexity. However,

the basic spring strut principle can be adapted by the mechanical de-

signer to other load transfer applications where a precise linear spring

constant is required of the load transfer device.

?
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Figure4. Forward bearingreactor strut configuration.
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Figure5. Strut load versusdeflection test data.
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Figure 8. Single FBR strut inste',/ed in flight configuration.

88,964.43 ,; : I ', :: :: ',,L',_::: ;_;:a..................... ...............
(20,000)

RUN 1
•_. S'tOWNPLOTTED:CS_SHEAR
m 71,171.55 ;:::',',:',:::',_'.:'.'.::_'.;:_;;:::I',_;:_','.'. ;_:;;::,i="::',; LOAD ONLY- NOCENTAUR SHEAR

(16,000) /_ APPLIED•

=,.

71,616.37- 889.64 _ 34,808.46N/CM
53,378.66 _.,:_;;:,:_ :;,,_ K = 2.03

,"," (12,000) / (19,724.26LB./IN.)

/0, RU_2

CENTAUROPPOSINGSHEARAPPLIED.

u. 17,792.39 ...................... 91,989.22
• (4,0001 K 2.59 35,51707 NtCM

(20,126.96L?/IN.)

0 r......... ' ........ ! ........................... "_ , ,, ,
0.51 102 152 2 03
(02) (0_) I0.61 (0.8)

CSS/CENTAURRELATIVE DEFLECTION,CM(IN)

: Figure 9. FBR system total load versus CSS/Centaur relative deflection.
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2. A M_NIPULATOR ARM FOR ZERO-G SI_JLATIONS

By Shepard B. Brodie, Christopher Grant,
and Janos J. Lazar

Martin Marietta Corporation
Denver Division

Denver, Colorado

INTRODUCTION

Martin Marietta has designed and fabricated a 12-fc counterbalanced Slave

Mmnipulator Arm (SMA), to be used for resolving the q1_stions of operational

applications, capabilities, and limitations for such remote manned systems as

: the Payload Deployment and Retrieval Mechanism (PDRM) for the Shuttle, the

Free-Flying Teleoperator System, the Advanced Space Tug, and Planetary Rovers.
As a developmental tool for the Shuttle manipulator system for PDRM), the SMA

represents an approximate one-quarter scale working model for simulating and

demonstrating payload handling, docking assistance, and satellite servicing.•
For the Free-Flying Teleoperator System and the Advanced Tug, the S_ will

provide a near full-scale development_! tool for satellite servicing, docking,

and deployment/retrieval procedures, techniques, and support equipment require-

ments. For the Planetary Rovers, it would provide an oversize developmental
tool for sample handling and soil mechanics investigations.

The desi@_, of the SMA was based on concepts developed for a h0-ft NASA

technology arm to be used for zero-g Shuttle manipulator simulations.

COUNTERBMANCE CONCEPT

The SMA uses an articulated cotmterbalance scheme for shoulder and elbow

and a self-counterbalanced design for the wrist. The articulsZed counter-

balance scheme is essentially a second arm at the end of the shoulder extension

with one or two counterbalance weights which are driven (via mechanical linkage)

in phase with the lower arm (elbow to wrist). This system provides an arm

whose shoulder and elbow torques need not, i_n_nanyorientatiou , overcome the
force of gravity on either the upper or lower arm, and whose motion is com-
pletely vnrestricted.

The concept of articulated counterbalance is difficult to grasp intuitive-
ly, especially when the arm is in an orientation where the tip of the slave is

on the counterbalance side of the fulcrum (Figure 1). An analytical proof of
this sche_ follows.

: 19J
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The slave arm with articulated co,_terba!ance cainbe modeled as show_.,in

_igure 2.

The counterbalance weights are wI and w2. The tubes of the slave are

represented by w3 and w5. The elbow Joint is wb; and the wrist Joints, wrist
extension, and terminal device are lumped in w6.

For the system to be balanced, the total recreantsabout A and B should be

equal. This is given by Equation [i], Table i. The system can also be consid-
ered a rigid body whose governing moment equation for balance about the shoulder

is given in Equation [2], Tab]e i. The distances DI, D2, . . • can be written

in terms of the arm segments LI, L2, . . . and the cosine of 8ngles _ and 8.
Substituting these expressions into Equations [i] and [2], and solving the two

equations simultaneously, we get Equations [3] and [h], Table i.

i °

. _ DS __ D

_ D_ i 6

W

Figure L Manipulation in Figure _ Articulater Counterbalance
Cross-Over Model
Position

Table i. Counterbalance Equations

wI(DI-D2) = ws(Ds-D4) + w6(D6-D 4) WlD1 + w2D 2 = w3D 3 + w4D 4 + WSD 5 + w6D 6

Equation [i] Equation [2]

L1 = Ls(Ws+2W6)/w I L2 - L3[w3+2(w4+ws+W6)](wld_2)

Equation [3] Equation [4] i

2O
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It can be seen that both a and /_ have cancelled in the solution of the

balance equations. THUS, if Equations [3] and [4] are satisfied with proper
values of the lengths and weio_hts, the system is entirely counterbalanced at

all angles of a and 8. It can be shown that the system is also independent

of roll angle so long as the slave arm and counterbalance arm roll as one

about the centerline of the upper arm tube.

The SMA counterbalance linkage configuration is a three-bar direct-chive

system that was selected to meet the design requirements for low friction and

high stiffness. Each of the three bars is mounted on a separate crank plate.
These assemblies were put together to form a crankshaft-rod type system. The

pin locations in the plates are 120 ° apart. Figure 3 is a schematic of the
linkage system. An optimization program was used to determine the yoke and
mass sizes for minimum increase in inertia as seen by the Joint clrives.

-: Figures 4 and 5 are photographs of the SMA.

i weish_ ,v k ] _' I\

Yoke

Figure 3. Counterbalance Linkage Concept

DRIVES

Table 2 illustrates the general joint capabilities. The drives are the

most significant portion of the design because of their close approximation

to flight hardware. All joints gontaln 6CW dc motors, potentlometers, tach-

ometer=generators, and fail-safe 28V dc friction brakes. The gear ratios are
in the range of 115:1. Each joint is servo controlled, and may accept commands
from manual or computer sources. Of particular interest in the drives dur-

ing simulations are Joint flexlbillty/stlffness, gear backlash/backdrive,

finite motor torque, friction/stiction, and response.

21i

1976012084-029



Figure 4. Slave Manlpulator Arm
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Table 2 Electro-blechanical Joint Capabilities

Shoulder Elbow W rlst

Pitch Yaw t_o! 1 Yaw Pitch Yaw Roll
J

Design Stall Torqae I00 I00 66 66 30.5 30.5 15
Ft-lbs

Joint Travel +200 +150 +200 + I0 +80 +130 +200

in Degrees 75 -160

Design Slew Angular 0.I O.l 0.03 O.15 0.2 0.2 0.I

Velocity Rad/sec

Actual Backdrive 69 60 -- 75 40 42 40

Torque Brake On
Ft-Lbs

The wrist consists of three dtgrees-of-freedom.

Counterbalancing is accomplished by the proper

placement of equipment around each axis, as

shown in Figure 6. By placing the pitch axis

at the center of gravity of the roll drive

and the end effector/TV camera assembly the __._ , ,............

pitch axis is balanced. By locating the _ -_ ._--_-.-_'7_. '_ .......i r_,.._.,..
yaw axis at the center of gravity of the _ --_,_._P_._ / rT.....

pitch motion equipment and the pitch/yaw ____ '
drive assembly, the yaw axis is balanced. __j9 ___

The pitch and yaw drives are separated _"ii'/_[,i..

from their respective drive centers by _ _'

the use of steel drive tapes. All equip- ' '_i..........._,. _,,',:........._"/' _, _'"

ment is mounted on the main wrist support _......

member which pivots around the yaw axis.

Figure 7 is a photograph of the SMA wrist.

Figure 6. Self-Counterbalanced

Wrist Assembly

END EFFECTOR

The end effector is an electro-mechanical de%ice utilizing a 60V de

motor to drive a screw thread which actuates the linkage opening and closing

the jaws. The closing force of the Jaws is _.8 kilograms (15 pounds) Ill

kilogram-meters (or 80 ft-lbs) of torque] _d is :apable of being actuated in

less than one second. The Jaws are designed to grasp a O.025-meter (one-lnch)

square bar placed at a 45° angle to the horizontal. This configuration _ be

changed by exchanging the Jaws with the desired shape. Figure 5 illustrates

the end effector/grasp bar relation.

24
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TELEVISION SYSTEM

The television system used on the arm itself is located inrnediately be-

hind the end effector. The mounting bracket will accept either one or two "_

videocon tubes for monaural or stereo TV viewing. The resolution point begins

approximately 0.02 meter (one inch) behind the jaws of the end effector and
continues forward. The elecbronics for the videocon tubes are located at the

wrist-forearm attach point.

BASE SUPPORTS

The base assembly is made up of six components. These components may

be assembled in combination to provide six locations for shoulder yoke orien-
tation. The shoulder yoke may be located at 1.22, 2.13, or 3.66 meters (4, 7, or

12 feet) from the floor to the shoulder pitch (yaw) axis in either a vertical or

horizontal position. The base plates are constructed o_ structural steel and weigh

a total of 431 kilograms (950 pounds).

TEST CONDUCTOR'S CONTROL CONSOLE

The Test Conductor's Control Console (TCCC) provides the equipment

necebsary to (i) power up the SMA, (2) select operating modes, (3) monitor

system operation and provide limit warnings, (4) allow manual SMA control,
5'j bring the SMA to a safe stop in an emergency, (6) control the associated ....

analog computer, and (7) house the system electronics. Figure 8 is a photo-

graph of the TCCC.

The TCCC was designed to be as flexible as possible to accommodate ex-

perimental configuration changes and operational improvements. Plug-in

circuit boards are used extensively and all cabling is terminated in connectors

so that large sections (such as an entire panel) can be completely removed
i for modification or maintenance. System reliability is enhanced by the use

of solid-state switching in all signal circuits.

Power for the SMA and TCCC is obtained from IlTV ac and 2_ dc mains.

The internal power supplies provide dc voltages of +60, +15, -15, +I0, -I0,
and +S.

The TCCC makes provision for several modes of operation including both
rate and position servo control. In the normal operating situation with an

analog computer in the loop, the command signals (either rate or position)
from controllers located in the Operator's Station (OS) are routed to the

computer. The computer represents a servo rate command which is amplified in

the TCCC and applied to the proper joint servomotor, as an alternative, the

computer may utilize the Joint position potentlometer outputs to produce a

26
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servo drive signal based upon arm position. Either of these situations are

termed the OPERATE mode.

Once an exercise has been completed, it is necessary to return the SMA

to some initial position. First, the SMA is placed in the HOLD mode by a

pushbutton on the TCCC. In HOLD,control of the servo loop is removed from

the computer and transferred to the TCCC. Local control from the console •

is a position loop. In the HOLD mod_ the joint position pot output is used as

the position command so that the servo drive signal is always zero. Next,
the SMA servos are placed in the P_SET mode by the TCCC. The initial condi-

tions are determined by the settings of a group of potentiometers, one for

each SMA axis. The output voltage of the pot represents a specific joint

position. Four sets of initial conditions are obtainable from the TCCC. In
the RESET mode, each servo position command is integrated between the position

at the beginning of RESET and the desired end position. The rate of return
; is controllable from the TCCC. In addition, there is a reset sequencer

which allows each joint to be reset individually or in any desired sequence.

The reset sequencer logic operates in i0 asynchronous steps. For example,

If the reset thumbwheel switches on the TCCC are set up so that joints E and

W2 are reset during step 2, both joints will remain in the HOLD mode'during

steps 0 and I, then go into the RESET mode during step 2, and return to HOLD
in steps 3 through 9. The reset sequencer will not progress to step 3 until

both E and W2 reach their desired initial condition points.

Two other modes of operation are possible_ The first of these is the

ALIGN mode. This sequence causes the position track and hold circuits to

sample the present joint positions and then throw the mode control into the

HOLD mode. ALIGN occurs automatically when the system is powered up and can

be activated at any time during use. The last mode is MANUAL operation. In

this mode position, commands come from 3-turn potentiometers on the TCCC Main
Control Panel. SMA joints may be placed in the MANUAL mode individuglly
while other Joints remain under computer control. In the _%NUAL mode, the

other mode controls have no effect on that particular joint.

The Mode Control logic is accomplished by a read only memory (ROM) which

either accepts or rejects an action of a mode control pushbutton depending

upon system condltio_s. For example, it is generally undesirable to go to
OPERATE before completing RESET. Thus, the ROM will not permit a mode change

directly from OPERATE to RESET.

Other provisions are included for system safety. A power interrupt cir-

cuit remov=: servomotor power and applies the electromagnetic joint brakes

° when activate_. Power interrupt can be initiated manually by observers
: located in various parts of the facility or automatically when a joint angle

limit occurs. When a joint _ngle is approaching its limlt, an early warning

! is provided by the limit circuitry. An audible boxing sound occurs and a red

warning light flashes to indicate an approaching limit. At thls time the

operator can reverse the action and drive normally back to a safe condition

at which time the warnings cease. If the limit is exceeded, however, the

power interrupt will be initiated as described above. It is then necessary
to bring the SMA out of the limit under manual control.
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: The TCCC contains a digital voltmeter to monitor the various dc voltages

i in the system. Selector pushbuttons are provided for all power supply voltages

< and the follc_ing signal voltages for each Joint: (i) position rot, (2) com-

;!r puter output, (3) reset pot, and (h) manual control pot. ,

;j

i g

c

e

,/

'1

29

#

1976012084-037



"..... .......................1 +7" ..........................'..............: J !

.... . I + j
C _+ +"

a,,. N76-19175
"L

3. STRUCTURAl EVALUATION OF DEPLOYABLE AERODYNAMIC SPIKE BOOMS

i By B. J. Richter*

_ ABSTRACT

: ,+'_

_' An extendable boron consisting of a series ot telescopic cylindrical tube _egments
_;+ and overlapping lock joints is being developed for use as an aerodynamic _pike mounted

_ atop a missile. Two candidate design concepts differing mainly in the particular over-
+ lapping lock joint designs are currently undergoing a combined analytical/experimental

_r

_. evaluaV.on. Some of the results of this evaluation in this
are presented paper.

,_ INTRODU CT ION

_- It",.order to increase its range by reducing aerodynamic drag, a missile is to be
_+ flown with a completely mechanical az,d self-contained deployable aerodynamic nose spike
+.., system. A typical aerodynamic, flow pattern induced by the aerospike mounted atop a

_:+ missilefs nose fairing is illustrated in figure 1. The worst expected loading condition
for the deployed spike boom results from aerodynamically induced static and dynamic

: "_ pressures and is statically equivalent to a 2300 lb compressive axial load and a 360 ib
+ g lateral load both applied _.4the extended boom tip. The aerospike system coneists of a

_ series of telescopic cylindrical boom segments, an inertial initiator, and a gas genera-
_: tor, which are housed in the stowed configuration inside a case mounted in the rots _+_,_

nose fairing. In the extended position the telescopic boom segments obtain their a ¢ial
_+ and lateral rigidity from a series of owrlapping lock joints.

Two extendable boom design concepts are currently being evaluated and differs from
_ each other mainly iu the design of the overlappin_ lock joints employed. Each c_ncept is

being evaluated both analytically and experimentally and after the evaluation is complete,
_ one of the design concepts will be chosen as baseline for the mi_ile. The progress on ++

some of the structural aspects _f the current analytical/experimental Investigation of
'_ il these two extendable boom design concepts is the subject of this paper. +

?

STRUCTURAL DESIGN REQUIREMENTS

( The following lists some of the more important structural design requirements
+,. which the aerospike boom must meet.

1. The extended length must be 50 * 1 inch.

.:, 2. The stowed lcugth must be <11.5 inches.

_+_r *Lockheed Missiles & Space Company, Inc. Sunnyvale, California.
_a

i 1

i IIII_IN,131 PA_ BLANKNOT_ +++:+ _--
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E 3. The extended boom must be capable of supporting a 2300 lb compressive axial
1o_d and a 360 lb lateral load _oth applied a_ the boom tip.

4. The deploymert process must minimize axial impact stopping loads imposed
upon the housing/nose cap structure.

5. The overlapping joints shall act to laterally align the individual boom segment
centerlines of the fully extended aerospike within 0.5 inch of the missile
centerline.

5. The first cantilevered lateral bending frequency of the fully extended and locked
aerospike boom with a 2 lb tip disc shall be ->35Hz.

7. The entire deployment and locking process shall take place within 1 second
after the inertial initiator ignites the gas generator.

MECHANISM OPERATION

The deployable aerodynamic spike system consists of a series of N telescopic boom
segments, an inertial initiator, a gas generator, and a housing which is attached inside
the missile nose fairing. This system is illustrated schematically in the stowed config-
uration ha figure 2a. After the missile is launched the inertial initiator senses an s.ppro-
priate missile acceleration profile and ignites a gas generator. The gases produce a
history of internal pressu2e which initially acts to break a hold-down bolt. The gas
pressure then acts on the individual telescopic boom segments Si and accelerates them
into an extended and locked configuration as illustrated ;n figure 2b. The positioning and
the locking of the boom segments are accomplished by a series of overlapping lock joints
Ji. The positioning must be such that the centerlin_s of the individual s£gments Si be
laterally aligned within specified tolerance limits with the missile centerline, and that
the final extended !ength L = 50 inches.

After the aerospike boom has been extended and locked into place, it is subjected to
a history of ae_odynamical!y induced heating an_ londing. The joints Ji are then re-
quired to transfer loads (i. e., axial loads, bending moments, and shears) from one seg-
ment to the next. As an example, two ways in which the bending moment M shown in
figure 3a can be transferred from segment Si+ 1 across joint Ji+l to segment Si are
illustrated in figures 3b and 3c. In these figures e represents the axial engagement or
joint overlap distance. The first way is illustrated in figure 3b. In this case the mo-
ment is reacted by a couple cF. In the second case, shown in figure 3c, the moment
M is reacted by the couple cP. The couple forces F are the resultants of surface
stresses distributed in the joint region which act parallel to the tube centerline. The
cLap:a forces P are the resultants of surface stresses distributed in the joint region
which act perpendicular to the tube centerline. There also exists a third way which is
simply a combination of the above two ways.

If the deployed aerospike boom segments and joints were not a mechanism (e. g., if
the _egments could be welded together), then a moment M would be reacted as in class-
ical beam bending theory. The bending stresses a would be given by

q = M/(TrR2t), (1)
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where R and t are tim tube radius and thickness, respectively. For a = 100,000 psi,
R = 2 inches, and t :: 0. l inch the allowable theoretical bending moment capability

MA of the boom is found, using (1), to be

MA -- 125,000 in.-lb (2) .

Because the aerospike is a mechanism, however, the joint design produces actual allow-
able bending moment capabilities far below the theoretical value given by (2). These
reduced bending allowables will be discussed in more detail later in this paper.

One important parameter which determines how a particular joint functions is the
engagement distance e. This parameter is geometrically related to the three parame-
ters L, l, and N which are defined in figure 2. Since L and I are fixed by the
requirements such that L -- 50 inches and _ = 11.5 inches, a unique relation exists
between e and N. From geometric considerations (fig. 2) this relation is found to be

e = 11.5" - 50"/N, (3)

with the further requirements that 0 < e < 11.5 inches. Hence. the smallest number

of segments that will satisfy (3) is N -- 5. This corresponds to an e = 1 5 inches.
An N = 6 corresponds to ,an e = 3.2 inches. These two eases form the geometric
basis of the two design concepts which are discussed in this paper.

Design concept I employs five steel cylindrical tube segments with tube radii vary-
ing from 2.14 to 1.50 inches and corresponding tube wall thickness varying from 0.141
to 0. 078 inch. The manr, er in which joint Ji+l locks together segments S i and Si+ 1
is illustrated schematically i, figure 4 (the angle fl in fig. 4 is exaggerated and typically

is about l. 5°). Segment Si �1approaches the joint region Ji+l with a velocity v rel-
ative to Si as shown in figure 4a. Surface AB of Si+ 1 initially encounters surface CD
of Si as shown in figure 4b. At this time the engagement is e o. The two segments
then _wage together; the engagement eo decreases to e; and Si+ 1 comes to a halt
relative to Si . The two segments are then held together entirely by frictional stresses
developed during the swaging process.

Design concept II _mploys six steel cylindrical tube segments with tube radii varying
from 2.19 to 0.97 inches and corresponding tube wall thicknesses varying from 0.12 to
0.060 inch. The maturer in which joint Ji+l locks together segments Si and Si+ 1 is

illustrated m figure 5. Segment Si approaches the joint region with a velocity v
relative to Si as shown in figure 5a. Temporary relative stopping occurs when surface
BC engages surface DE and surface HI engages surt.ce JK. The radii of the various
engaging surfaces are such that

rBC - rDE = rKj - rlt I = Ar (4)

:vhere ,Xr represents a radial interference. This interference fit causes frictional
stresses to be generated in the contact regions which act to oppose the relative motion.

The temporary motion aga in proceeds when the internal tube pressure builds up to a
level high enough to overcome tim frictional forces. Final joint locking occurs when
surface AB impacts surface DF. At this time a ring of 7,4 locking fingers snaps into

place along FG. '['he purpose of these locking fingers is to prevent any subsequent
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relative mc,ion in tb_ opposite direction. This fully extended and locked joint configu-
ration is il'ustrated in figure 5b.

EXPERIMENTAL INVESTIGATIONS

1. Axial engagement experiments were conducted on the two types of joint concepts.
The geometries of the test specimens used for the types I and II joint concepts are shown
respectively in figures 6a wnd 6b. Loading was applied with a hydraulic load cell. For
the type I test specimen the force F required to reduce the initial engagement of 1.5
inches by amount 5 is shown as the upper dashed curve in figure 7a. For increasing 5
the applied force F increased from zero to a maximum of 10,000 lb and then fell off
towards zero as 5 approached 1.5 inches. For decreasing 5 the experimentally de-
termined F(5) curve was found to be the lower dashed _urve in figure 7a.

For the type II joint the applied force F required to partially engage the inter-
ference surfaces BC/DE and HI/JK (see fig. 5) ranged from zero up to a maximum of
2,000 lb. This force held constant at 2,000 lb as long as the surfaces BC/DE and

; HI/JK remained fully engaged.

2. An experiment was conducted on the design concept II joint configuration shown
in figure 6b in order to investigate how a lateral force and bending moment are trans-
ferred across the joint. A hydraulically applied force P (see fig. 6b) was cycled be-
tween +650 lb.and the lateral deflection A and the hoop strain E indicated in figure 6b
were monitored. The results for a load _.istory 1-2-3-4-5-6-2 are shown in figures 7b
and 7c. These figures indicate that this type of joint initially transfers the joint bending
moment in the manner shown in f_gure 3b until P = 300 lb (path 1-2 in figs. 7b, c). At
this load level the interference frictional shear stresses (which were generated when the
two segments were initially pulled together) are overcome and slipping occurs. The in-
creascd bending moment caused by the loading in the 300 lb to 650 lb range (path 2-3 in
fig. 7) is then carried across the joint in the manner shown in figure 3c. Repeated
cycling retraces the path 2-3-4-5-6-2.

ANALYTICAL INVESTIGATIONS

1. The axial force required to reduce the initial engagement eo by amount 5 (see
fig. 6a) can be computed by considering interference geometry, basic strength, of mate-
rials, elastic behavior, and equilibrium of forces on the inner tube of figure 6a. This
relation was found to be

F = !_5(1 -6/eo), 0 <- 5 <- eo (5)

where

k = 2_Ee otan_(tanfl _ _)/R (6)
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with R and t being, respectively, the average tube radius and thickness, fl is the
cone half angle indicated in figure 4; p is the interface coefficient of friction, and E is
the material's Xoung's Moduluv. The positivc sig_n in (6) is for increasing 5 while the
negative sign is for decreasing 5. This relation is shown in figure 7a for t = 0.0855
inch, R = 1. 565 inch, E = 30,000,000psi, e = 1. Sinch, fi = 1.5degrees, and
p = 0.06. The agreement ot this rather simpleUformula with the experimental data is
fairly good in view of the rather complex behavior of this joint.

2. A reasonable estimate of the load P at which slipping first occurs at point 2
(see figure 7b) can be obtained from elementary considerations as

PSLIP = (Fe)(R + e)/(Trh) (7)

In this equation R is again the average tube radiu_; e and h are defined in figure 6b;
and Fe is the force required to fully engage the two tubes. The axial force Fe was
experimentally found to be 2,000 lb. Hence, for R = 2.1 inches, e = 3.0 inches, and
h = 13.0 inches, equation (7) gives

PSLIP = 250 Ib (8)

A preciseanalysisofthelateralloadconfigurationshown infigure6b was under-
taken,usingBOSOR, a wellknown finitedifferencecomputer code fortheanalysisof
shellsof revolution(re[.I). Two cases were analyzed. Inthefirstcase thecontact

; regions BC/DE ,andHI/JK (seefig.5a)were not allowedany relativemotion (i.e., no
slip).The ratios p/A :rodP/c were computed tobe 22,300Ib/mch and -10,000,000
lb/ineh/ineh,respectively.For thesecond case thecontactregionswere allowedto
move relativetoeach otherexceptforthe radialcontactdeflection.The ratios p/A
and P/< were fomldtobe 15,000 Ib/inehand l,670,000 Ib/inch/inch,respectively.
These ratioswere thencombined withthe sliploadgivenby (8)resultingintheanalytical
predictionofthe loadcycleI-2-3-4-5-6-2shown infigures7b and 7e. The agreement
between experiment,andpredictionisseen to bc reasonablygood.

3. Analyticalpredictionsof theallowablemoment carryingcapabilityofeach of
thetwo jointconceptsc,_nbe accessedusingthe followingexpressions. For joint
conceptI

M A = t,RkS(l - (5/t'o)/(tanfl_ la)/_ (9)

where thevariousvariablesare thosedefinedpreviouslyinequations(5)and (6). For
jointconceptII

MA _. 2n(,Rt(_tr EAr_zxl_2/ 110)

where

,\4 :-3(I -,,"')/(l_Zt 2) (11)
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C and where u is Poisson's ratio, a is the allowable stress of the tube material, and the
remaining variables are as previously defined. Using R = 2 inches, 5 = 0.2 inch.

= 0.2, k = 200,000 lb/in., fl = 1. b degrees, e = 1.5 inches in equation (9) gives
for a feasible type I joint,

MA = 20,000 in.-lb.

Using R = 2 inches, t = 0.1 inch, e = 3 inches, E = 30,000,000psi. u = 0.3, Ar =
0. 003 inch, cr = 100,000 psi in equations (10) and (11) gives, for a feasible type II joint,

MA = 25,000 in.-lb.

These joint allowables may then be compared with the typical theoretical moment carry-
ing capability given by equation (2).

CONCLUDING REMARKS

This paper presentssome of theresultsof an analytical/experimentalevaluationof
" the behavior of two types of deployable aerospike boom designs. Some useful analytical

design procedures have been developed and experimentally verified. Such analytical
procedures have provided not only the basis for understanding how each type of boom/
joint system functions physically, but also the tools necessary in guiding design changes
which have led to the continual improvement of the load carrying capacity of the two
types of design concepLs.

Because of space limitations the results of many other completed investigations
have been omitted. These deal with such topics as the study of the effects of aero-

• dynamic heating upon the boom/joint performance, the dynamic characteristics of each
design concept, and the study of the interaction between the boom deployment process
and the housing/nose fairing structure.
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4. AEROSPACE LUBRICATION TECHNOLOGY TRANSFER

TO INDUSTRIAL APPLICATIONS

By Thomas J. Loran and Bill Perrin

Bali Brothers Research Corporation

Boulder, Colorado

SUMMARY

Transferring technology from the highly specialized aerospace

industry to high-volume, commercial markets is quite difficult.

It has required several years for Ball Brothers Research Corp-

oration (BBRC) to penetrate the industrial market. In the

course of this, BBRC experienced problems that are unique to

aerospace oriented organizations. To overcome these problems

required overhaul of marketing concepts, licensing techniques,

and internal product security. As one would expect, designs

had to incorporate trade-offs of cost and functional life where-

as normal aerospace mechanisms need reliability and function as

prime considerations. The program must have upper management

support since flexibility in pricing and modifying normal

aerospace procedures are mandatory to satisfy the =ow-cost/

high volume markei ,quirement.

TX'_D_n|]PTTN

-r

We all know that the transfer of the technology gains made by

our aerospace industry into the industrial mainstream has been

(surprisingly) difficult. We are also aware of individual

company efforts to spin off aerospace technology into the private

sector that have ended in failure. Although many new products
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resulting from the aerospace program have been fe_t, red in

advertising, new product announcements, and special articles, many

seem to disappear after a short period of time. NASA bas recog-

nized the magnitude of the technology transfer problem and among

other things, has resorted to special TV announcements and the use

of exclusive license arrangements te encourage the use of its

technology NASA's Technology Utilization Office is "" .....

effective effort in coordinating our industry with the private

sector. This paper discusses some of the difficulties BBRC

encountered in entering new industrial markets with an aerospace

lubrication and coating technology and the technical, financial,

: and manager\al solutions t _ ,t evolved and led to our success in

this venture. We are pleas d to review this experience with you

and hope that others in our industry can benefit from it.

BACKGROUND

: Ball Brothers Research Corporation s'tarted a lubrication and coat-

ing technology in 1959 during the initial design of the Orbiting

Solar Observatory (OSO) Satellite. Our engineers recognized that

moving and rotating satellite mechanisms such as bearings, motors.

and slin rings could not be reliably sealed and therefore would

be exposed to vacuum for several months. The known lubricants and

coatings were unsuitable because of high evaporating rates and

unstable constituents• BBRC determined the fundamental properties

of materials nee,dcd for long life in vacuum and formulated lubri-

cant materials and processes to satisfy those theoretical needs.

_everal aerospace companies subsequently recognized the success

of the OSO Satellite and BBRC's Vac Kote lubrication technology

_, (as it was called) and began to request the same lubrication

technology for their mechanisms. A lubrication service and

consulting activity thus began at BBRC.

46
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In 1965 BBRC began an aerospace mechanism product line that

featured the use of the Vac Kote lubrication technology. With-

in 3 years a multimillion dollar business was flourishing that

involved the design, fabrication, and lubrication of mechanisms

for spacecraft applications. In 1969 BBRC began to concentrate

on diversifying beyond the pure aerospace activity. Several

product lines based on BBRC's aerospace technology were initiated.

These new business areas included ocean systems, low light tele-

vision, military hardware, environmental monitoring, antenna

design, low cost housing, and Vac Kote lubricatio.l technology.

A consulting firm specialized in evaluating potential new business

activities was employed to assist BBRC in evaluating these new

product areas with regard to business potential and to establish

business goals, objectives, strategies, and budgets. The project

team that had successfully developed the aerospace lubrication

and mechanism business was assigned the task of diversifying the

Vac Kote lubricating and coating business into industrial and

commercial areas.

A five-year plan was developed for the Vac Kote business center

that estimated the investment and potential sales. Figure 1

indicates the chart as drawn in 1969. The break-even point would

be in 1971 and the business was projected to grow rapidly. The

determination of the sales slope and cost curve depended upon a

nvmber of factors such as ma2nitude of market, company assets

for investment, and the return _n assets potential as determined

by the consultants computerized cash flow formulas. This

business area was originally composed of thirty people, including

project engineers, production technicians, materials engineers,

and marketing personnel.
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Figure 1

LESSONS LEARNED

Great difficulties (technical, financial, and managerial) were

almost immediately encountered. We found that the "commercial"

business was an entirely new ball game; our aerospace experience

was actually detrimental to our priclng structure, sales methods w
and customer service. The chart in Flgure 2 Indicates our rapld
business demise.
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We found that induszrial and commercial customers associated the

word "Aerospace" with high costs and, unfortunately, they were

right. We learned that our practice of maximum quality control,

selection, and test of components to produce maximum reliability

for the aerospace applications had to be modified• For aero-

space applications we always recommend to the customer a

complete program of analysis, immaculate processing, and confirma-

tion testing required to produce high reliability. Flight

history, engineering analysis, laboratory testsDand reliability

49
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calculations support our material choices. For critical satellite

applications, cost is usually a secondary concern. When potential

commercial customers failed to respond to our proposals, we soon

learned to ask the price range that would be con _stent with the

in,provement in the performance and life of their products. With

this change in approach we felt an immediate response in our sales.

The customer was interested in product improvement only if in-

creased reliability resulted in increased sales or increased

profit.

We reacted to the need for pricing flexibility by developing

price options that ranged from the lowest possible price with

no testing, minimum quality control, and minimum paperwork to ex-

pensive options with various levels of testing, elaborate

quality control, and extensive paperwork. Our customer could thus

select a program that best fitted his technical and economic

requirements. Per example, DC motors can be prepared for vacuum

operations and for long life applications at prices that vary

' from as little as 5¢ per motor to as much as $500 per motor.

The 5¢ treatment is achieved by simply processing the motor

' brushes. The brushes are heated and impregnated with special

lubricants in quantities exceeding 10,000 per lot. For $500 per

motor, each individual b_,,sh is weighed before and after treat-

ment to determine the lucricant absorption. The motor is then

assembled and run until the brush conforms to the shape of the

commutator. Extensive testing is then conducted. This ensures

highly reliable motors for a specific, critical aerospace appli-

cation. As a result of our flexible option pricing there is a

complete range of prices between these two extremes.

Thus Lesson #i: A commercial customer will only purchase a pro-

duct at a price that results in a profit for him.

5O
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Lesson #2 was much more subtle. We have learned that the team

seeking to develop a new business area should have total responsi-

bility for their destiny. The aerospace procedures manuals,

proposal guides, and quality control levels should be available

but not mandatory for use. To be responsive to the entirely

different type of customer in the commercial marketplace (and

thereby win sales), a program manager needs the flexibility to

set policy "on the spot" and as required for the occasion. He

must have the authority to provide free samples, quote prices,

deliveries, terms, and conditions as the customer requires. Many

times this _s done on the scene in a customer's plant or on the

telephone. Coordinating these judgments through the usual aero-

space chain of command with enough of the details required for a

good decision impedes and frustrates the effort and responsive-

ness of a business group. The aerospace management must trust

the business _udgment of the new business group and delegate

policy making authority. Sufficient control exists by offering

financial reward for the group for business success or "the

parking lot" for failure. With this concept, upper level manage-

ment sets broad business policy and monitors business performance

on a quarterly or semiannual basis and does not become involved

with the day-to-day decision making process.

Lesson #3: "Flexibility and diversity, are mandator},!" Customer

diversification and flexibility of business goals can either

insure success or, if not used, guarantee failure. Originally

only a few key companies were identified as potential customers.

Cancellation of aerospace contracts taught us the need to expand

the customer base. This one point is crucial it resulted in

the failure of some of BBRC's new business areas. Also, as

you diversify, other opportunities that relate to the original

_,oals occur. For example, our coating of movie film and aero-
$

space components led us to the glass mold coating. This was

' 517-
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followed by rubber mold coatings and now we are pursuing plastic
I

mold coatings. However one must not lose sight of the original l

goals; many contracts can easily take twice the time to develop

than originally expected and the new business effort can easily

be spread too thin with uncontrolled diversification.

We found that our technology base also had to be flexible to meet

customer demands. To our surprise, our early aerospace formulations

would solve very {ew commercial problems. Much to the consterna-

tion of our highly qualified engineers, the direction of the

technical development had to be changed continually and sometimes

the product tentatively "sold" prior to comDletion of laboratoTy

testing in order to be timely. These decisions must be made by

a commercially oriented program manager and are completely "against

the grain" of conventional aerospace engineering practice. This

can cause difficulties especially if the technical people are

not a part of the "commercial team" and thereby not continuously

appraised of the total situation.

Lesson #4: The need for "establishin_ a team." We found that

a team where an esprit de corps is created and proper rewards from

the business success are given,significantly improves the prob-

c.,ility of business success. With project, engineering, and pro-

duction aware of the business direction of the team, changes in

technical direction or production operations to respond to customer

needs are understood and incorporated with minimum lost motion.

The "team" also aids in the new product security. Every cora- l

pany has experienced loss of tecnnology by personnel changing

employment or leaving the company to start their own business.

By limiting the number of people who have a "need-to-know" lowers

the probability of losing technology that is not patented.

Patents are not always the best method of protecting technology.

Many foreign countries issue immediate patents where the USA

usually takes 2-3 years. Therefore the technology can be

S2
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exposed prior to total development or at a time prior to the

marketing thrust. Many times a trade secret is therefore a better . .

sales method (classic example is Coca-Cola). Product security

is then mandatory and with it the "team" concept becomes

imperative.

SUCCESSFUL COMMERCIAL MARKET PENETRATIONS

The Vac Kote lubrication and coating business evolved into a

variety of products as indicated in Figure 3. A brief

description of a few of these products will serve to illustrate

the diversity BBRC has attained in the commercial area.

A product line that evolved early in our activity was based on

special treatments for brushes used in DC motors and tachometers

that had been developed for Aerospace applications. Previous

research and tests proved that the moisture ill graphite and

metal-graphite brushes evaporates within hours in vacuum and

after this loss, rapid brush wear ensues. BBRC found that

impregnating brushes with special low vapor pressure lubricants

would appreciably extend life and lower motor noise levels in

vacuum. This same technique has been applied to commercial

brushes for use in air operation to extend life and reduce EMI.

Hundreds of thousands of brushes and other motor parts are now

being processed at low competitive cost for the commercial

market. One large European manufacturer has licensed and in-

corporated the Vac Kote technology in his motor production

line. The U. S. Navy is also evaluating these treatments for

submarine motor-generator brushes.

The glass container industry in Los Angeles had severe plant

pollution problems caused by smoke-creating mold release lubri-

cants and were threatened with industry-wide closing. BBRC

'7
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VAC KOTE"
THE MOON LUBE

Figure 3, TypLcal Aerospace Products Successfully Transferred

f' to Commerc:tal Use.
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devised a semi-permanent coating that eliminated the pollution,

increased personnel safety, and reduced personnel exposure to

high temperatures and noise. An added bonus for using this coat-

ing was increased bottle production that is four times more

profitable than the coating cost. Four plants in Los Angeles,

as well as five others in the U. S. and three in France, are now

licensed to use this coating. Other glass plants throughout the

world are scheduled for tests in the near future.

A special low friction, clear, tough coating is being applied

to movie film to provide scratch and abrasion protection. Three

film processing companies have licensed the process. This coat-

ing evolved from materials used for cameras on the Apollo Program.

Using special non-metallic coatings to protect magnetic memory

surfaces for the computer industry is another aerospace tech-

nology spin-off. These protecting films on computer drums and

discs replace the function of rhodium coatings on nickel-cobalt

surfaces. This coating has been used for four years on production

drums for a major U. S. computer manufacturer. 3ased on the

success in this industrial field, head and tape wear in the

sterilizable Viking tape recorder was lessened.

LICENSING STRATEGIES

Recognizing some of our shortcomings such as limited marketing

in new industries, high overhead and labor rates,and shortage

of funds to staff a large business area suggested using a

licensing sales mode. Licenses are difficult to sell because of

legal negotiations, psychological blocks regarding payment of

royalties, and foreign sales that complicate business relation-

ships. However, the financial returns can be signi£icant.

L _ ....
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The license will sell if a customer can realize a large profit

' from the use of the product in his operation. BBRC's royalty

fee is normally a small percentage of the profit that is realized

by the use of our technology. Arriving at a fair dollar value

can be difficult and involves extensive study of an industry to

learn details about its costs. BBRC avoids the use of exclusive

licenses for the obvious reason that the entire sales success

from a product will then depend on the ability of only one

J organization or distributor. The licensing technique is

especially attractive for business relationships with foreign

companies since import duties and foreign restrictions can then

be by-passod resulting in a lower priced product and increased

sales.

CLOSING THOUGHTS

" Interestingly, problem solving for industrial applications has

provided a synergistic effect by creating improved lubrication

systems for aerospace applications at much lower costs, Lubri-

cants used first for private industry solved the high temperature

motor brush problem on the Lunar Rover. The commercial film lubri-

cant has proven effective in reducing friction, wear and signali
loss in the metallic recording tape for the Viking Mars Lander

Recorder.

Combining production schedules of commercial and aerospace

contracts improves efficiency and lowers costs. Expedient pro-

cessing techniques were found to be applicable for many aero-

space mechanisms thereby saving the industry many dollars.

As in almost every human endeavor, a continuous positive attitude

and perseverence are mandatory for success in a venture such as

this. A book would be required to discuss the many discouraging

56
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events that occurred along the way. The unflagging positive

attitude provided the persistence to "go the extra mile" to success.

An example of this is illustrated by the following experience

that almost resulted in the loss of a very profitable product

line.

After almost two years of product development, demonstration, and

customer cultivation that had taken us "to the negotiating table"

with our potential customers, a dark horse competitor entered

the market with a product that was significantly superior to

ours and at 1/4 the cost. At this crucial moment a decision

to withdraw could easily have been made with the acknowledged loss

of investment. Our confidence in our technical ability and our

positive attitude resulted in continuing our efforts in product

development. The new product proved to be so significantly

superior to the new competitor's product that cost was no longer

a factor and we regained our former position in this market.

The business goal of diversifying the lubrication work at BBRC

has been accomplished with a minlmum of corporate _unds. The

; staff has been increased to accomodate the new business during a

period when other aerospace lubrication organizations were de-

clining. We believe that our success resulted from the above

lessons.
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5. A STRUT WITH INFINITELY ADJUSTABLE -'

J

THERMAL EXPANSIVITY AND LENCTH

: By Paul T. Nelson

•; TRW Systems Group

, SUMMARY

_%_ _ :--_ _ l....-_'a tubular strutwith an integral mechanism
for adjustingitsthermal expansivity and length. The stimulus for itsdevelop-
•_xentderived from the stringentthermal stabilityrequirements anticipatedfor
:_._metering truss in the Large Space Telescope (LST). Itsapplicationis not
_xmited to the LST or even to spacecraft structures;itsfeatures may be advan-
tageously applied to a general variety of structures and precision mechanisme
there dimensional control of component elements in a dynamic thermal envi-
ronment is required. Detail design, fabrication,and test of a developmental
struthave been completed.

INTRODUCT!Oi_

A significantand ever increasing category of spacecraft structures has
to be substantiallyinert to th_ dynamic thermal envl,onment on orbit. The
metering structure for the Large Space Telescope (LST) fallsin thiscategory.
Since itis a precision optical structure, itsallowabh distortiondue to tem-
perature changes is near zero. A prime candidate for the metering structure
is a cylindricaltruss consisting of several circumferential rings interconnected
by tubular strutmembers. Figure i illustratesthis concept and shows how a
temperature gradient change along the axis can _ause dimensional changes in
the rings and the struts. However, ifthe expansivity relationshipof ring to
strutis properly proportioned, as shown in the inset, the truss length will
nominally remain constant. This is because the ring expansion is proportioned
to compensate for strut expansion and is called athermalization. A severe
constraint results on control o£ the expansivities(_R, @S) of the rings _nd
struts, however.

A straightforward means of controllingthe required ratio of _R/O S is to
fabricate the circular rings to an acceptable expansivit7 range and then&djust,
to suit, the expansivityof their interfacingstruts. Strut expansivity can be
precisely adjusted by the simple tuning principledescribed in this paper.
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Figure i. - Effect of temperature gradient change
on an athermalized truss.

Graphite/epoxy is a prime material candidate for the LST metering truss.
I: is uniquely suited :or this application because of its low coefficient of thermal
expansion (CTE), high thermal conductivity, low specific beat, high specific
stiffness, and high specific strength. Even with these outstanding material
properties, when used in the LST metering truss and enclosed in multilayer
insulation, tests indicate that variations i:, its CTE are intolerable. In fact,
conventional design approaches using any common constru.*ional materials

; available today, even with the most sophisticated fabricatio., methods, _re
' expected to be inadequate for the critical structure in the LST because of its

stringent thermal stability requirements. The expansivity tolerance band--due
to variations in constituent materials and processing_ cannot be held small
enough.

Figure Z shows a developmental
structural member that is reprcsen-

_ ._- tative of a strut for a three-ba£ meter-b

'--_,_,,,-_.L-: ll_g truss of LST size. The tubular

__' _ portioc of the strut is made of graph-
--_- , _ • ire epoxy w._th longitudinal graphite'.:.¢.!-:_- .
.'.T,';_ . ._ fiber orientatieu and Style i8t glass

...._', : , _ cloth on inside '.nd outside di_ -tri-
, .;_, ." cal surfaces. This con.qtruct. , yields

: "-._._.,'_.,'., .- ., . a relatively low positive _.TE, but,
_,e_._ .;.... .-_._- ,.:_.. . because of variations in materials

:'. ': ,__,-_' .... ,. and processing, it does not yield ade-
..' i]__/,;,.,,. ' quate repeatabi, ity i'" "roduction :or

• ,. *- ._.... _.-- .. a means•_I_"" _':L_::# . athermalization wi_' for

_:.'_/F_r'"_'_"_._,.'__..:):_ "tuning." The end f ,gs are metal-_---. " :'"'"-_ lic, nonferrornagnetic, andincorpor- :
ate a mechanism which provides
adjustment capabilityto "fine tune"

Figure2, - Graphlte.l_po,_yathermal both the pin-to-pin length and "Effec-
strut with tunable end fittings, live CTE" of the strut, It is thisF

60

.l

1976012084-065



" t I

i !
l I ' '

f t

I°
I

0
0 1

I
adjustment feature that compensates for the inadequacy of conventional struco
tural design practice for athermat structures and is the main topic of this
paper.

SYMBOLS

L length

AI. change in length due to temperature change

_T change in temperature

a coefficient of thermal expansion

Subscripts:

A1 _iumlnum

eff effective

G graphite / epoxy

R ring

S strut

Ti titanium

tot total

ATHERMAL STRUT ,HANISM

The key to achieving precision control of thermal expansivity in the strut
is the mechanism illustrated in Figure 3. The primary load path for a typical
tension or compression load is from the graphite-epoxy tube through the bonded
titanium collar, into the threaded aluminum sleeve, and finally through the
titanium eyebolt. The sleeve and eyebolt locknuts serve to retain the adjust-
ment after it has been made and also to eliminate backlash in the mechanism.

The eyebolt locknut also serves as a linear bearing for the eyebolt.

To visualize the operating principle of the mechanism, consider a uni-
form temperature rise in the entire system. We are primarily interested in
the axial change in length induced by a change in temperature (AT). In this
particular system, the coefficient of thermal expansion of each component will
expand in direct proportion to its CTE and effective length, and thereby each
component influences the overall length of the strut. The key to controlling
the thermal expansivity of the strut system is the relatively high reverse

6t
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expansion of the aluminum sleeve which compensates for the aggregate positive
expansion of all the other components. The strut also bar infinitely variable
length adjustment within the litnits of thread length. This is achieved by left-
hand threads on one end of the complete strut and right-hand threads on the
other; thus the strut length can be fine tuned in turnbuckle fashion and locked
in place with the two jam nu+_.

1figure 3, - _, Jew of sectional tunable end fitting.

If tile procedure is followed of first adjusting the length to a nominal
dimension and then ddjusting thermal expansion, a further fine length adjust-
ment will have a trivial effect on the calibrated expansivity of the strut system.

You will not : that the change in length (AL) of the system represented in
Figure 3 _.ue to a miform AT is the aggregate response of the components in
the load path. I_: the concert reported here, the expansion of all components
except the alur_,inurr_ sleeve tepds to increase the length of the strut. The
precise incr_ase in length (AL) of the complete strut system, the aggregate
response of 2._e _ystem, is as follows:

AT. = (aaG + baT i - CaA1 + daTi) AT S

The effective CTE of the system (as shown in _igure 3) is expressed by the
following:

a_ G + b_Ti - C=Al + d_Ti
_eff : L

62

1976012084-067



' IY_ ] ]i , Ii° e.. •

I ir0 r ....

(' !

E

From the above equation it is apparent that the cffective ezpansivity of
a strut is a function of: (1) the geometry (dimensions a, b, c, d, and L) and
(Z) the coefficients of thermal expansion (aG, aTi, and aAl) of the constituent
materials. The effective coefficient of thermal expansion of the system can
be made equal to "zero" for a given selection of m; erials by using a geometry
in which the numerator of the above equation equates to zero. Since the "c"
dimension can be adjusted about its nominal value, the effective CTE of the
strut "system" can be adjusted accordingly, limited only by the adjusting
range of the threads. The overall length "L" is unaltered by the CTE adjust-
ment (changing "c') because the thread series on the sleeve and eyebolt are
identical; i. e. , the thread pitches are the same.

FABRICATION

The graphite/epoxy tube is a six-ply unidirectional laminate of Modmor
Type 1/5208 material. It was laid up on an aluminum alloy mandrel with a
f}. 30-mm taper over its length. A lamina of Style i81 glass cloth/5Z08 was

l lid up on both the inside and outside walls of the tube, The prepegged t_ular
laminate was vacuum bagged and cured for 3 hours at i07oc at 0.5 x 10 °
newton/m Z autoclave pressure. This description is of the part that was tested
and is not intended to imply a choice for the LST metering truss. The adjust°
able end-fitting components were made of stock aluminum and titamum alloys
and were machined in a conventional manner. I_n extra assembly was made
for sectioning (as shown in Figure 3) to more graphically illustrate the
mechanism.

STRUT SYSTEM TESTS

Test Procedure

Tests performed on the strut assembly shovn in Figure Z included the
full range of expansivity adjustment of both end fittings. The primary purpose
of the tests was to verify the effectiveness of the thermal expansion tuning
concept.

The test setup is shown on a 3.7-meter granite surface table with the
test article inside a specially built thermal chamber (as illustrated in Figure 4).
The operating principle of the experiment is as follows. A quartz spacer
reacts externally against a heavy weight cast iron anchor at one end of the

thermal chamber, and another spacer with the strut in between bears against
a laser retroreflector at the opposite end. A steel coil spring maintains about
45 newtons force against the retroreflector throughout the tests assuring con-
tinuing compliance of the retroreflector with test specimen dilation. The
retroreflector base is free to move with the free end of the test article and

quartz spacer.
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Figure 4. - Dilatometer for testing thermal
expansivity of a long strut.

The externally positioned re-
mote linear interferometer is the

basic reference from which distance
to the laser retroreflector is mea o

,,_.," sured. The laser head and laser dis-
play were located in a convenient post-

' tion for viewing. Figure 5 shows the
instrumented st_t with 15.24-cm

• quartz spacer rods at each end.
Three thermocouples were mounted on
the graphite/epoxy tube _ one in the
center, and one 15.24 cm from each

,:: end. A thermocouple was installed
i

7 cm from the outboard end of each

. quartz spacer. The reaction bar shown
" in Figure 6 assures a positive force
Figure 5. - Instrumentea strut _._ainst the anchor through the coil

_-_ with quartz spacers sp_:ng, the retroreflector, and quartz
at each end.

spacers, as well as the test article;
it is held in place by the heavy cast

iron angle plates.

o4

1976012084-069



l ' I !
0
(' !

Figure 7 shows the laser retro-
reflector setup. Its polished base

....** was well lubricated with silicon oil to

assure virtually friction-free moticn.
r_ The thermal chamber was heated by

electrical resistance heaters and

" ,._ wrapped with fiberglass and aluminum
• '*:_ foil insulation. Insulation was par-

tially stripped in the center because

of a minor temperature imbalance
in the test specimen. Stripping en-
hanced local cooling, providing a

_-_,_.::;_--t-:_ rr_o r e even tempe ratur e di st ribution
"<._--=._ in the tube.

"_. _-_.-:a_ Vee-shaped support clips in
..... the chamber held the tube specimen

in the center of the chamber. End

caps supported the quartz spacers
(as shown in Figure _) and allowed
the spacers to move freely with test

" : '._ specimen and spacer dilation.
c.

, - , The validity of this test method
was verified by a preliminary experi-
ment in which an alternate method was

Figure 6. - View of dilatometer also evaluated. Th_ _ retroreflector
showing retroreflector spring and remote linear interferometer in

reactio_ bar. the alternate method were mounted at

Figure 7. ],aser retroreflector Figure 8. - End caps removed
setup, from chamber to sh_,w support :

of quartz spacers.
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4[ opposite ends of the test specimen which was not anchored at one end. Atmos-
pheric turbulence in the environment surrounding the specimen, however,
caused an unacceptable wavering in the laser display readout. On the othcr
hand, an experiment directed toward a test as finally executed resulted in a
very stable readout (within ±0. 025 micron), when the granite table was locally
heated in the most critical area beyond tolerance to human touch. During this
latter experiment, an aluminum tube was installed for protection of the laser
beam to preclude atmospheric disturbance. When it was ascertained that any
error due to table heating was negligible, the cor_cept of an anchor at one end
and movable retroreflector was verified. The linear interferometer could

then be located close to the retroreflector (as shown in Figure 6) without the
need for a protective tube for the laser beam. This latter approach appeared
to be better and was accordingly selected. The experiment also confirmed
that the effect of air turbutence to the laser beam over a short distance was

negligible.

The strut assembly was installed in the test chamber with the quartz
spacers and instrumentation. Thermocouples were installed on the graphite/
epoxy tube (three places), on both end fittings, and on the quartz spacers. The
length of the strut was adjusted by turning the eyebolts so that the distance
between the quartz spacers (overall length) was i98 cm. This i98-cm length
was nominally maintained for all of the tests. Each test run was started with
the specimen relatively near room temperature. Temperature recordings
were made for each thermocouple location and the laser display was reset to
zero. With this pretest activity complete, the chamber was heated to a peak
temperature and then allowed to level out and cool until all test specimen
thermocouples and also quartz spacer thermocouples were stabilized. Tem-
peratures were again recorded for end-of-rm_ condition.

Test Results

Three end-fitting adjustment positions were tested: (_) sleeve full in;
(2) sleeve at mid-position; and (3) sleeve full out. These positions correspond
to minimum, median, and maximum effective CTE adjustments, respectively.

The average temperature of the strut and quartz spacers at the beginning and
end of the run are listed in Table i. Temperature data and the corresponding
change in length (AL) were taken when all thermocouples on the strut were
within Z. 8°C. Furthermore, both quartz spacers were within 2. 8°C.

The average te..aperature differences (AT's) for the strut and spacers are
also shown in Table i. The effective strut coefficient of thermal expansion (a S )
is shown in the extreme right column. It is computed from the following:

ALto t - 2LQ_TQaQ

a S = LsAT S

In this case the length of each spacer (LQ) is i5. 24 cm and overall length of
the strut (L, S) is i98 cm.
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Table i. - Temperature and expansion data from strut system test.

Average Temperature Average Temperature

Test at Start of Test (oc) at End of Test {°C) _!_ &Ts ATt°t " r_°C} '
Configuration Quartz Strut Quartz Strut (°_l (°C) (cmx t0 "_ (pp

',' Spacer System Spacer System

Aluminum sleeve 23. i 23. i 63.6 66. 0 40. 4 42. 9 iS. 4 0.10
turned in line

with flats
r

Aluminum sleeve Z2.8 Z2.8 83.8 86. 6 61.0 63.8 59. 0 0. 39

at m/d-position

Aluminum sleeve 2t. 9 22.8 80. 6 83. _ 58. 7 60. 7 93.0 0. 6Q

turned to maximum

outward position

0.7 r / A total number of i 5 turns0.+ : comprised the full range of adjust-

o / ment. Therefore, the sensitivity0.s o of adjustment is as follows:

g -0.4 '

o., o.++.o.,oP-' = O. 039 ppm/°C/turn/ -
0.2 /

0.1 i--- Linearity of the adjustment is showno by the curve in Figure 9.
, -$ 0 I0 15

,_n,ON_ suEt_<No.c_TURNS)

Figure 9. - Effective CTE versus
position of aluminum sleeve.

CONCLUDING REM_ RKS

The strutwas "tuned" from 0.10 to 0.69 ppm/°C. Adjustment of expan-
3ivityis substantiallylinear in the adjustment range. A much wider range of
expansion could be readily demonstrated by approl:riatematerial and geometry
selection. Clearty the adjustment range could be made to pass through zero
and intonegative values. Viabilityof this TRW tuning concept is proven and
can be applied "in-principle" to a wide range of thermally inert structuralor

: mechanical systems.
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By E. J. Devine and H. E. Evans

Goddard Space Flight Center

SUMMARY

A unique mechanism has been developed for conducting friction
and wear experiments in orbit. The device is capable of testing
twelve material samples simultaneously. Power, weight, volume,
mounting, cleanliness, and thermal designs were particularly
critical requirements that were successfully met. The device
performed flawlessly in orbit over an eighteen month period and
demonstrated the usefulness of this design for future unmanned
spacecraft or Shuttle applications.

INTRODUCTION

It is well recognized that the increased tendency of cold weld-
ing (friction) and wear in vacuum are potentially serious hazards
to mechanical devices operating in space. When exposed to the
space environment, conventional lubricants rapidly evaporate,
oxide films disappear once disrupted, and chemically clean metal
surfaces can come into i_timate contact. The result is dras-

tically increased friction and wear due to adhesion (cold weld-
ing). (Reference I) This cold-welding phenomenon in space is of
great interest to unmanned spacecraft instrument &_d equipment
deslg_ers and especially to the manned space effort because such
procedures as repeated orbital docking and assembly may be af-
fected by cold welding.

A very widespread and costly effort was undertaken to investi-
gate this problem under laboratory simulation of the space en-
vironment. At one time, a count showed that approximately 100
groups (both government and industry) had been or were studying
cold welding and wear. Most of these studies involve vacuum ef-
fects.

In contrast to the extensive laboratory investigations and In
view of the zo.cognlzed importance of the friction and wear
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problem, it was surprising that very little data had been, or

were planned to be, obtained in the actual space environment.
The only previously planned experiments were carried out by the

Jet Propulsion Laboratory (Reference 2) _z the early Ranger
flights and the Air Force Rocket Propulsion Laboratory using the
Experimental Research Satellite (Reference 3).

OBJECTIVE

The major objective of this program was to determine the effect
of the actual space environment on friction (cold welding) and
wear of widely used spacecraft materials. In addition to veri-
fying or disproving laboratory results, this experiment was

planned to establish a better definition of the degree of vac-
uumrequired for an adequate simulation of the space environment.

APPROACH

It was decided that the disk and rider technique would be used .-

for measuring cold-welding tendency and wear. Welding tendency

was determined by measuring the strain induced in a cantilever
beam supporting the rider. Semiconductor strain gages mounted
on the beam were selected for this measurement. Seven disks and

twelve riders were picked as a realistic sample size.

Cleanliness is mandatory when conducting experiments involving
material surface effects. (Reference 4) Great care was required

in designing the experiment to minimize the possibility of con-

taminating the material couples. Design of the drive train,
instrumentation, and material selection had to be made with the
objective of minimizing outgasslng. The drive train had to be

hermetlcally sealed and materlalv with vapor pressures less than
10 "13 tort had to be used.

To minimize contamination by outgassing from the satellite and at

the same time to give maximum exposure of the experiment to the

space environment, it was necessary to mount the experiment on
the outer surface of the spacecraft and to baffle it from any po-
tential outgassing source.

Most o_ the laboratory test work was done at pressures of 10 -8
to 10 -7 tort; therefore, it was zequired that the orbit chosen
for this experiment have an apogee that would expose the
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spacecraft to a pressure less than i0-I0 tort, preferably 10-12
torr. This condition would shed light on the degree of vacuum
required for adequate simulation.

The materials selected for study are commonly used in spacecraft
and also have properties that enable the effects of mutual solu-
bility and hardness to be studied. Materials were:

o Gold and silver

o 7075 anodized aluminum and 440C stainless steel (Re60)

o 440C stainless steel (Re60) and 440C stainless steel
(Re60)

o 440C stainless steel (Re60) and nitrided Nitralloy 135
mod steel

o 440C stainless steel (Re60) and 1020 carbon steel

o Be-Cu alloy 25 no. 190 heat treat and 440C stainless
steel (Re60)

Two samples of each of these combinations were tested with the
experiment module.

INSTRUMENTATION

The basic friction-test mechanism consisted of a hemispherical
rider sliding on the flat face of a disk rotated at constant ve-
locity. This geometry is simple and has been widely used in past
investigations of vacuum effects on friction phenomena.

Parameters measured and telemetered were friction force, normal
force, and displacement of the rider because of wear. These were
measured _ , _rain-gage transducers.

_Cl_e _lde_- ._ _rt ° _ was designed with two flexible sections:
or,,J¢_si_ive _, " _ion force and the other sensitive to normal

_rce. "_ _ ,_ _ons were instrumented with epoxy-bonded_
d_L_ _ i_c_n strain gages. The gages were arranged in a half-

h_d_,_ configuration to increase the output signal and to cancel
t;Leapparent _traln due to thermal expansion mismatch of the
gage , td substrate.
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Normal load was applied by means of an independent, adjustable
spring as shown in Figure I. Normal load for the gold versus

: silver samples was 4.45 N (I ib); all other me_al couples were
loaded to 8.90 N (2 Ib). The occurrence of a given amount of

wear (0.12 cm) of the rider would result in a corresponding mo-
tion of the load rod that would bring the rod in contact with the

wear transducer, giving a single-point measurement of wear.

Seven disks were stacked on a common drive shaft and 12 rider as-

semblies were equally spaced around the periphery, giving a capa-

bility for measuring 12 material combinations. Surface velocity
between disk and rider was approximately 0.i0 cm/s.

In the event that the friceion force on a particular couple
reached a level such that excessive power was required, the rider

: was removed from contact by means cf a sealed pyrotechnic actua-

tor. The electrical signal f6£ firing the actuator was generated
when the friction gage output exceeded a level corresponding to
a coefficient of 3.3.

The drive train for the device incorporated two state-of-the-art
devices. A brushless motor with solid-state commutation required

only 3.5W to drive the fully loaded device. The motor drove
an intermediate gearhead of 16.3:1. The motor and gearhead were
enclosed in a hermetically sealed package to avoid contamination

of tbe friction experiment and at the same time to maintain con-
ventional lubricants on the high-speed drive elements. Trans-

mittal of power through the hermetic package, together with an
: additional 72:1 gear reduction, was accomplished by a harmonic

drive mechanism.

Considerable attention was given to lubrication of the few slow-
moving parts exposed to the space v_cuum. The spline (gear) of

the harmonic drive mechanism was gold-plated and a light burnish
of aoJybdenum disulfide was applied, run in, and the excess re-

moved. Linear ba!l bushings, which floaL the transducer load
rods, were in-situ coated wit_ molybdenum disulfide. The drive
shaft support bearings were e_uipped with a self-lubricating
duroid retainer and shields.

The strain-gage trm_sducers were designed to meet the following

requirements:

Load range Normal force: 0 to 13.3 N (3 Ib)
FrlcLion force: 0 to 26 N (6 ib)
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Maximum strain 5000 X 10 -6 cm/cm (limited by the bond
: strength)

Natural

frequency 2000 Hz

Sensitivity Normal force: 13.5 mV/N
Friction force: 6.8 mV/N

These requirements dictated the use of semiconductor strain-gages
for the required sensitivity. Literatl.re search (Reference 5)

indicated that radiation exposure in a one-year orbit would not
significantly affect the gage output. Silicon $ages of p-type

material are more radiation-resistant and were accordingly se-
lected. The gages had a nominal gage factor of 700.

Expezimental studies were conducted in a search for a bonding
technique thaz would eliminate organic materials. Although two
of these approaches (ceramic bonding and soft soldering) showed

promise, neither could be flight-quolified in the time avaZlable.
As a result, a high-temperature epoxy bond was selected for _his

application.

The transducer substrate chosen was 17-4 PH stainless steel. The

gages were used in a half-bridge configuration with one gage in

tension and the other in compression. The gage output as a func-
tion of load (strain) deviated only slightly from linearity with-

in the desired range of operation; therefore compensation for
this effect was not required.

The gages were compensated for temperature effects. First, the

two gages in a half-bridge were tested for gage-factor change
with temperature. Any mismatch was eliminate_ experimzntally by
a shunt resistor across the gage showing the larger change. Even

with the gages matched for gage-factor change with temperature,

the bridge sensitivity dropped with increasing temperature. This
effect was cqmpensated by a resistor i_, series with the voltage
supply to the bridge. At elevated temperatures, the bridge re-
sistance increased, causing the current and the voltage drop

acro_s the series resistor to decrease. As a result, the volt-
age across the bridge and the bridge output rose to compen-
sat_ for the loss of sensitivity. The compensated transducers
readily met the Jpecification of less than • 3 percent of full
output drift over a temperature range of -20 ° to 60°C. Typical
transducer 1Lnearity i_ shown by Figure 2.
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The relatively high output of the semiconductor strain-gage trans-
ducers made -Ceasible the use of individual linear integraeed-
circuit amplifiers. Thus the complexity of commutation was
avoiaed and redundancy was attained. Some penalty in power drain
was inherent in the individual amplifier _.pproach. It was desired
that the amplifier stability and temperature drift performar, ce
w_ld at least equal that of the transducers. This was, in fact,
achieved by careful burn-in and selection. A sample of 500 com-
mercial pA709 amplifiers was burned in over a temperature range
of -40° to 100°C; 250 were selected because of mi_.imum change in
offset cLrrent.

The schematic for the strain-gage half-bridge, the s.-4 .-shunt
resistor-type temperature compensation, and the integrated-cir-
cuit a_plitier is given by Figure 3.

Ancillary circuits are required for the following:

o Convert_-r regulators for supplying -3 V (4-0.5 percent)
for the strain-bridge excitatio,L, ± 9 _ for unregulated
amplifier pc_er, and 5 (_ 0.5 percent) V for temperature
sensors

o '£hermistor cemuerature sen_or_ "-r . ._flight temperature
mortitor._ng

o Shaft ,:otati_ sensor for status monitoring of the drive
trai_

o limer for turning the experiment on and off at a I0 per-
cent duty cycle to ex_end the lifetime of the material
couples

The exper_rent gs _ired with solid-conductor, teflon-insulated
wire to n.inhrize trepped gass_s and to provide a control of the
outgassed materials (Figure 4). Teflon and the minute a_ount of
epoxy bondlnZ meterial for the gage_ are the onli organic mate-
rlals permitte _ in the friction-measurement envir-.ms.

TEST PROGR_4

Th_ £nstzoment was qualified for launch vibration a_ tl_efollo_-

trig _evels :
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Prototype Flight Qualification

SLle vibration 8g vector 5g vector

Random vibration 6g 6g

The prototype disclosed large displacements of the normal load
rods when the vibration was parallel to the rod (thrust axis).
As a result, vibration stops were incorporated to limit the ex-
cursion of the rod and thus prevent overstressing of the normal
load strai_l-gages. Two units were subsequently qualified at
flight levels with no significant shifts in the straln-gage
transducers.

_e experiment was qualified for thermal vacuuw over a tempera-
ture range from 0° to 60% and vacuum from I0-_ to i0-7 tort.
These tests were conducted in an oil-free, ionizatlon-pumped
system and are the source of tilevacuum-friction data discussed
in the next section.

The instrument was integrated and tested on the OV-I-13 Sstellite
with the following results:

o Electrical, RF, and magnetic interfe:ence tests showed
no _nterference with the satellite systems or the other
sensitive experiments.

o Ther_l-vacuum (including solar-simulation) tests estab-
lished the worst-case condition as the cold temperature
and demonstrated the capability of the passive ue_@era-
ture control to maintain a l_edicted range of 0 ° _o 15°C.

o Satellite vibration test with a Ig vector input resulted
in no degradation. The vibration test demonstrated that
the strain-gage transd,,eersmaintain remarkable stabil-
ity under mechanical abuse. The other unknown factor
was the stability with time. Table i gives stability
data for a complete set of transducers -_asured at the
beginning and end of an 8-month interval. The drift
figures shown include both the transducer and integrated-
circuit amplificr circuit. In only one case did the
drift exceed the design specification, the drift in this
instance being in the amplifier circult.
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IN-ORBIT OPERATION

The friction-and-wear device _as operated in orbit throughout
the 18-month life of the OV-I-!3 Satellite. The experiment was
turned on and data recorded on an average of one orbit per week.
Because the duty cycle was designed for 3 minutes of operation
out of 30, this schpdule resulted in an average of 6.5 turn-on
intervals per week. This totals approximately 500 intervals of
3-minute duration for a total running time of about 25 hours.
Instrument performance was flawless throughout the mission.
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Figure2 Transduceroutputasa functionof load. Transducer_ul_trate: 17.4 PH_I
;reel; 3.00-V excitation; SN - normal load; SF = friction load. _
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7. METAL WITH A MEMORY PROVIDES USEFUL

TOOL FOR SKYLAB ASTRONAUTS

by G. A. Smith

Fairchild Space & Electronics Company

SUMMARY

In 1970, Skylab planners decided to use extendible booms to convey film
cassettes weighing 56.7 kg (125 lb) between the Airlock Module and the Apollo

Telescope Mount. This paper describes the boom and its dispensing mechan-
ism, and discusses problems encountered with the mechanism during the test

program. These problems were mainly associated with operation m cold
temperature, lubrication, and the motor/gearhead assembly. Another set of
problems which arose during crew training in the MSFC water tank is also
discussed.

Experience from this program reads to the conclusion that attention to
detail is the cardinal rule for mechanisms designers. Such things as the
corroct choice of lubricant, the build up o; tolerances, and the affect of

differential contraction of metals can make or break a design.

INTRODUCTION

Two film transfer booms were used during six seoarate EVA's over
the almost nine-month Skylab mission. At these times, fihn for five solar

physics experiments was replenished and rehieved from two work stations on
the Apollo Telescope Mount (ATM), and the touch of a button sent extendible,
stainless steel booms carrying bulky cassettes at 0.15 m/s (6 in/s) across
9.1-rr (30-ft) ol space. One of the booms also performed an unscheduled task

when it helped to sal,_e.ge the mission by transferring foot restraints, clamps
and a sunshade at the _ime the second protective cover was erected over the

crippled space craft.

The booms and their dispensing mechanis-ns remained fixed to th_ shroud

surrour, ding the Air[ock Module (AM) throughout the mission, one boom's line
of travet being between the AM and the Center Work Station (CWS), and the
other be"ween the AM and the Sun Work Station (SWS). Figure 1 diagrammat-

ically shows the relative positions of the boo..':r.._ and the ATM.

PRECKr_I_O PAGE BL_NK NOT FII_ 81

1976012084-084



BOOM DESIGN SPECIFICATION

The specification for the film transfer boom (which included the dis-

pensing mechanism) wz _ detailed and rigorous. Some of the general require-
merits are shown in Table 1 below:

TABLE 1

FILM TRANSFER BOOM SPECIFICATION

• The total weight of the boom and its dispensing mechanism shall
be no greater than 39 kg (185.9 lb).

• The overall size of the boom and mechanism with the boom stowed,

shall be no greater than 38 cmx 38 cmx 51 cm (14.9 inx14.9 inx 20 in).

• The length between the base of the mechanism housing and the
tip of the fully extended boom shall be _, 3 m {27.2 ft).

• The mechanism shall be motor driven, from a 26 + 4 Vdc supply.

The maximum power available will be 210 watts at 30 Vdc in a
-29°C environment.

• The speed of boom extension and retraction shall not exceed 22.9
cm (8.9 in) per second at 30 Vdc and at a temperature of 71°C, and
shall not be less than 7.62 cm {2.9 in) per second at 22 Vdc at a

temperature of -29°C.

• At full boom deployment, a limit switch shall deactivate the
motor. Similarly, a limit switch shall deactiv,_te the motor at
full retraction of the boom.

• The fully extended boom shall not deflect more than seven inches
due to the temperature differential created by solar radiation on
one side of the boom and shade on the other.

• The fully extended boor, l shall withstand a ber ling moment of
238 N -m {2100 in-lb}.

In addition, the _pecification included the following unique requirements:

• It was required that the boom should be easily grasped by a
gloved astronaut. (A 5.08-cm (2-in} diametcr was regarded as a

maximum size to grip. ) Th'is requirement also meant that no
exposed sharp edges were allowed on the boom for fear of

cutting a glove.

• The maximum temperatu_'e of the boom due to solar radiation was
not to exceed 121°C. This limit was imposed to prevent

damaging the astronautVs clothing.
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• A 0.99 probability of completing a service life of no less than

Z00 cycles under any combination of specified environment was
required of the boom and it. dispensing mechanism.

• In the event of a motor failure, a back-up operational mode was

required such that the boom could be extended and retracted by a
hand crank. The torque required to operate the crank was to be

no greater than 22.6 N-m (200 Ib-in.).

• It was a requirement that a pressure-suited astronaut should be
able to remove a boom unit from its location outside the Airlock

Module and replace it with the spare. This was to be a one-
handed operation.

DESIGN DESCRIPTION

Boom

Here was an obvious application for a tubular extendible _lement

(TEE), the principle of which is to heat-treat a thin strip of metal such that

it takes a tubular form when it is unrestrained. Fhe technique of storing
this type of tube is well known. It is simply opened out flat and rolled round
a spool inside a dispensing mechanism.

It quickly became clear that the 238 N-m (2100 in-lb) bending moment
requirement v-as a critical design parameter. Trade-off studies showed that

to retract a steel boom thicker that 0.0Z cm (0. 008 inch) and wrap it flat
around a spool required more power than was available, and the size of the

dispensing mechanism would exceed the specified envelope. But, if 0.0_-cm
stainless steel _trip was used, a conventional boom with a circular cross

section would ha_,etoo large a diameter for the astronaut to grip.

Itwas with these requirements in mind that the finalboom configura-
tionwas designed as shown in Figure 2. This twin-lobe boom with its
5.08-cm (Z-in)diameter lobes can be gripped by the astronaut, and the

required strength ,isobtained by nesting two 0.02-cm eleme-._,'one inside

the other. The edges of the outer element that run the length of the boom
were rolled inward slightlyand dressed with an abrasive to eliminate the
risk uf cuttingor snagging the beta cloth of the astronaut's glove.

Thermal considerations dictateda polished outer surface of the boom to

achieve a low emittance tO.13)so thatthe temperature should be no higher than

121°C, and a black coating on the inside of the boom to achieve a high emit-
tance (0.86)tokeep the thermal gradient as low as possible across the boom
and therefore to reduce thermal bending to a minimum.
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: DISPENSING MECHANISM

Mechanism Design

Figure 3 shows the envelope dimensions of the film transfer boom
located in its funnel-shaped adapter that was permanently attached to the

airlock shroud. A simplified internal view of the mechanism is shown in

Figure 4.

A dc motor pro_qdes, through gearing, the necessary to,'ques to extend
?

and retract the boor_.a. In the extend mode, each boom element is unreeled from
?,

a separate spool by an identical pinch drive system, which consists of an RTV-
coated drive roller and a hard anodized, aluminum backup roller. Each boom

element leaves its spool flat and passes round a drive roller where it is pinched
between the drive and backup rollers. Both the spool and drive roller are

driven, but the backup roller free-wheels.

When the boom is fully retracted, the combined diameter of an element

and spool is greater than the diameter of the drive roller. Therefore, at the
-_, beginning of boom deployment, the drive roller has a tendency to turn faster

than the spool. To prevent thi_, and preclude the drive roller from slipping ot_
the element, the spool is driven through a slip clutch. By this means, the high

initial torque placed on the spool by tension in the element overrides the torque

setting of the slip clutch, and the angular velocity of the spc ,1 approaches that
of the drive roller. The slip clutch material, which bears against the stainless
steel of the spool drive gear, is a teflon/molybdenum/lead composite which is

stable over a wide temperature range.

: When the boom elements leave the pinch drive rollers, they immediately
start to assume their tubular shape. During the tr_'nsition phase, when the boom

elements are going from the flat to the formed twin-lobe configuration, they are

very susceptible' to buckling if subjected to a bending load. In this critic=.l phase,
they are supported by a fiberglass "shoe" molaed to the natural shape ot the
element during its transition stage. The two elements extend, one on each
side of the tapered shoe, and by the time they exit from the mechanism through

a deirin collar, they have nested one within the other and are approximately
60% towards the final formed dimensions of the boo" a. The de!rin collar _ves

external restraint and, together with the shoe, provides adequate support at

the root of the tully deployed boom to withstand the 238 N=m (_100).n-lb) bending
_" moment requi, em_nt.

To retract the boom, the polarity of the motor is reversed. During

boom retraction, the spools are driven through one-way sprague clutches
which free-wheel during boom deployment. To ensure a tight wrap on the spool,

: tension is maintained in the element by a technique s,_milar to that used during

_ boom deployment, only tl.istime the slip clutch is on the drive roller.
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The dispensing mechanism is normally driven by the motor. However,

the motor can be isolated by operating a le,,er on the side of the mechanism
housing which disengages a crown-toothed ch:tch in the mechanisrn's gearbox.
The boom can then be extended or retracted using a manual crank handle. This

was a contingency mode for operating the boom in case of a motor failure.

Three film transfer booms were located on the Skylab airlock shroud.

: Two were operated tbroughout the mission and the third was a spare that was

not used. Because the two working units were exactly positioned to line up
: with their respective wr_rk stations, it was necessary to be able to replace

either unit in the event of a failure. The specification required this to be a
one-handed operation, ro accomplish this, a latching handle was provided a¢

shown in Figure 4. The handle can be gripped by one hand and a delrin trigger
squeezed against a spring load, thereby lifting long aluminum links attached to
the trigger and rupnihg down thre'_gh the handle suppo-ts and to the base of the

mechanism housing. The lift was transmitted to a horizontal load through a
bell-crank, andthe horizontal load, which pulled two scisser links whose four
extremities were attached to pawls that traveled along slider blocks. The
four pawls engaged in cutouts in the adapter funnel that was permanently

attached to the shroud. The trigger was locked during launch to prevent the
pawls from being dislodged due to vibration.

Motor! dearhead Design

Power to extend and retract the boom was supplied by adc motor. To
meet the deployment and retraction speeds of the boom, and to produce sufficient
torque to wind the boom into the mechanism (the boom has a natural tendency to

self-deploy, and therefore the torque and power are higher in the rct,, __ mode),
it wa_ determined that the mo',,,r should deliver a minimum of 8. 15 N-m (72

in-lbs.) of torque over a voltage range of 22 to 30 Vdc. In this voltage range,
the speed of the moto:/gearbead output shaft was required to be between
17.000 and 31,000 ra_l/s (45 and 82 rpm) for any temperature between -29 and

71°C. To achieve low output speeds, the motor was geared down through a four-
pass planetary gearhead.

The motor/gearhead characteristics shown in Figure 5 indicate how well
the assembly met the requirements at room and high temperature. Ho,a'ever,

at -29°C the motor did not supply quite enough torque at 17,000 rad/s and 22
Vdc. This affected the speed of boom deployment and retraction, about which
more will be said later.

Various studies have been performed on motor brush materials suitable °

for a space environment, and with _orne success. But t has bf en found that :
these same brushes will not perform well in an earth enviror,,nen+ because

, they are susceptible to oxidation and are hydroscopic. Therefor " dc motors
: with space-rated brushes fail repeatedly during testing in an ear's'., atmosphere.
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Unfortunately, brushes that are normally used for ground applications, lose

moisture in space and become abrasive. _ihey then score the armature, and
curtail the motor's operating life in a space environment. In the case of
SkyLt), the motor was required to operate intermittently in space over a

: period of several months. It was decided the refore, to install space-rated .
brushes and find a way around the ground testing problem. This was done by
sealing the motor in a can. The can was evacuated and back-filled _ith helium
in order that a leak test could be performed after final assembly. The drive

from the motor to the output shaft was effected through a nutating metal

bellows, as shown in Figure 6.

DESIGN PROBLEMS AND THEIR SOLUTIONS

When first assembled, the qualification unit required the motor to
deliver almost Z2,6 N-n= (200 in-lb)of _orque to extend the boom at -29oc. ,,

Itcan be seen from the speed/torque characteristics that the motor/

gearhead speed at ZZ.6 N-m is extremely low. Therefore, the boom deploy-
ment rate was lower than required, and the corresponding current of 10

amps _r Z2 Vdc exceeded the specified power budget. Furthermore, the
outprt Jhaft and shaft bearings were not designed for this high load and both
bearing and sheft lailures occurred.

The probien: was tackled in two ways; to reduce the loads in the mechan-

ism at cold temperature, and to increase the torque-carrying capability of the :.

- motor/gearhead.

: in the case of the mechanism, there were three main causes of high

loading at -29°C.

a. The delrin collar contracted round the boom at the point of exit

from the mechanism housing. This forced the boom elements
hard against the shoe and resulted _.nexcessi"e drain.

b. Considerable stictionforces became apparent in the gearbox at ;

low temperatures. Ge_r-carry'ng stainless-steelshafts were
supported in side plates which were separated by aluminum

: stand-offs and the differential contraction o_ the aluminum and

: stainless steel resulted in shaft seizare. :

c,. Increased drag of the slip c_,_'ches on the spools and drive rolle._.

I- .blems (a) and (b) were readily overcome by increasing the clearance

of the dr:tin collar, and increasing the end-play in the gearbox shafts.
Several environmental _.ests were performed to arrive at the optimum dimen-
sions so that operation at 71°C would not be impaired.
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Prob]em (c) was not _o easy to resolve. Bellevi!le washers were used

behind the sl_p clutches to set tnc clutch torque values, and it was found that

: the spring force for any given defl_.ctioa _ncreased significantly at low tempera-
tures. Therefore, a clutch set at room temperature would produce excessive

drag at -29°C. To overcome this, the bcllcv[lle washers were replaced by ' "
conical washers made from bimetallic strip, which have a more constant

spring characteristic over the temperaturt, range of interest.

The combination of these three fixes reduce,: the d: ire torque in the
mechanism tc 17.5 N-m at -29°C.

: With regard to increasing the torque-carrying capability of the motor/

gearhead, i_ was considered impractical to increase the size of the gearhead,
for weight and cost rezsons, so a closer look was taken at the mechanical
design of the gearhead assemb:y. At high torque, the bearings on the out,_ut

shaft were marginal, but more seriously, the dry f_lrn lubricant used was
overstressed and broke down under load. Beal-ings pack=d :vith Br_vcote 803

grease were substi_ted. Thi.s grease has good outgassing characteristirc
and a highs, load-carrying capacity than the dry film !ubricant. One of its

main disadvantages, however, is that it becomes too viscous below -29°C for
most practical pu._poses.

With the change in l_br_,cant, a problem in the output shaft itself became

apparent. High loads at cold temperature snapped the shaft et its root. A
step, designed to position the shaft against a bearing, had b_ ._n machined at
the root of the shaft. A classic stress raiser! The stainless-steel n_ateri_l

was optimum, and an increase iv shaft diameter would hace necessitated a
significan_ zedesign. As an alternative solute.on, the shaft _.as machined to

remove the step and leave as large a radius as possible. The s*-ep was re- _-
placed by a fitted washer.

As a further precaution, a solid-state circuit breaker was installed in
the mechanism whic;h limited the steady-state m,,tor current to 12 amps. The

breaker was designed to pass currunt spikes as high as 25 amps for up to 150
milli-seconds, but would open circuit when more than 12 amps were applied

for longer periods. In this way, the torque on _e motor c ltput ,..haft, which
is proportional to current, was limited to a safe level. Higher torques,
which resulted from transient start-up currents, would not be trans,erred to

the shaft because of the inhe vent sprh.g-constant of the motor gearhead.

A combination of all of the above modifications produced an entire'.y

reliable _nechanisrr,. The start-up torque in tho mechanism at -29°C was

reduced by approximately 25% and the motor torque-carrying capabil_ty was
improved. But, more important, if for a_w reason a high start-un torque was

-_' called for, the motor would be shut down before _ cata'_trophic failure
_' occurred.
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, {[ Uther problems encounted during qualification testing centered around
the pawls that latched the film transfer boom unit to its funnel-shaped

; adapter.
u

: During Y- axis random vibration, the pawls intermittently unlatched.
: The ,:.-uses of t._is anomoly wc ,_e traced to two factors:

a. Flexibility of the linkage connecting the latch handle to the pawls.
, An adverse tolerance build-up in the latching design.

: The linkage was not t ,odified, but a positive lock was designed into the
latch handle to prevent the trigger from moving during vibration. In

addition, a minimum acceptable engagement of each pawl in the adapter was
established, and verified in a vibration retest. This minimum engagement

was assured in flight units by following a detailed rigg_ng procedure.

Another problem with the latching also occurred as an outcome of the
vibrat'.on test. The pawls slide along stainless steel guides as they latch
and unlatch, and originally, the guides were dry film lubricsted. After

vibration, the qualification unit was subjected to a 10-day temperature-humi-
dity +,est. At the conclusion of the test, the guides were found to be corroded,

and the pawls and guides had to be forced apart. It was determined that the
guides had suffered surface damage during the 34 GRMS qualification level

vibration and corrosion had set in over the damaged areas. Although a very
effective lubricant, the process for applying the dry film changes the surface
characteristics of steel and destroys its "stainless" qualities. Therefore,
if the lubricant is removed, corrosion is likely. This was overcome by

making new guides and coating them with 803 Braycote grease.

CREW TRAINING

Crew Extravehicular Activities (EVA's) were practiced _n the water

tank at the Marshall Space F]ight Center, Huntsville. This alone presented
a flew set of problems, for now space hardware had to be adapted to an

underwater environment. Figurc 7 shows crew training ,n prog:'ess.

Because the training units had to be identical in external configuration
anti performance to the flight units, a simplistic approach was takenD namely
to remove and/or replace all electrical components and to elim:.nate

potential corrosion mechanisms wherever possible.

I,_ the case of the elect_'ical components, both extend and retract

limit switches were permanently removed, and the limits of boom :_xtension
! and retraction werecontrolledbyhandvalves. The electric dcmotorwas re-!

placed by an air motor. An exhaust manifold was designed around the motor;
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and air supply, and return and exhaust lines were routed from an external
source.

To counteract the onset of corrosion as much as possible, aluminum
parts were hard anodized (on the flight units many aluminum components
were iridited to conduct electricity for electro-magnetic considerations).
Stainless steel components were passivated. In addition, the oaeoway sprague

: _ clutches on the spools and drive rollers were packed with grease.

: Problems occurred immediately when the mechanisms were first tested
in a water tank. The RTV-coated drive rollers skidded on the boom ele-

me_Lts and boom deployment was erratic. It was found _hat oil and grease
: were migrating to the elements from the air supply line, exhaust manifold,

and sprague clutches.

Every last drop of oil and grease was removed from the boom and

mechanism and tests were performed on an air motor using dry, oil-free
air, But the motor, which was a standard off-the-shelf unit, relied on oil

Ln the air supply to lubricate its bearings and the bearing life was severely
curtailed as a result. The motor exhaust manifold was sealed and immediately

the increased back pressure in the motor reduced efficiency. It was eventually
decided to live with some leakage from the motor exhaust, but to limit the

oil in the air m:pply and have spare motors on hand. Th_s together with the
following modifications enabled an effective training program to be fulfilled:

• The diameter of the back-up roller was increased and another

back-up roller located next to it. Deploying the boom elements

was like squeezing clothes through an old-fashioned wringer.

• To compensate for the increased load on the back-up roller,

the hard-anodized hollow aluminum roller used in flight units
was replaced by a solid shaft made of stainless steel.

• A silastic stripe was painted along the center of each boom element
to increase the element's thickness at that point. This compensated

for the fact that the boom elements tended to dip in the middle and

assume their formed shape even when passing between the drive
: and back-up rollers.

, • One last modification was to provide the drive rollers with "snow-

treads". Grooves 3 mm (0. 118 in. ) wide by 1.5 mm (0. 059 in. ) deep
were ground in the RTV, parallel to the roller _.xis and spaced 19 mm
(0. 74803 in. ) apart round the circumference.
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CONCLUDING REMARKS

It can be concluded that attention to detail is the cardinal rule for

mechanisms designers. The boom mechanism design concept was sound
from the outset and it was found to be adaptable to such opposite environ-

ments as space and water. But it was the seemingly small things that proved

to be important--such things as the correct choice of lubricant, the build up
of tolerances, and the effect of differential contraction of metals. The

design of mechanisms is not for those who lack an eye for detail.

ACKNOWLEDGMENTS

The author wishes to thank the Fairchild team, and in particular
James M. Talcott, for their contributions to a successful program. Thanks
are also due to MDAC-E for their cooperation in this endeavor.

90

1976012084-093





i t

• 0 :
(_

• 11.7CM

MATERIALDESCRIPTION

STAINLESSSTEELCARPENTERCUSTOM455
26.?CMWlDEX. 02CMTHICK

Figurt Z. ATIvi Film Transfer Boom Configuration

L_

" 92

1976012084-095





94

1976012084-097







c
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8. THE SKYLAB PARASOL

: By Jack A. Kinzler*
?

: SUMMARY

A need to provide an alternate thermal protection system for the Skylab
_" space station cluster became apparent shortly after launch when severe damage

_ occurred to the Orbital Workshop as it passed through the period of mximum dy-
_,'_ namlc pressure. Data indicated that _he combination mlcrometeoroid and thermal

shield on the sun-faclng side of the vehicle had been destroyed. NASA manage-
: _ ment urgently requested all Centers and aerospace contractors to come forward

with proposals for restoring Skylab to a habitable and operational mode as soon

as possible. This paper discusses the simultaneous design, fabrication, and

test of the Skylab Parasol System which was completed in 6 days of around-the-

clock effort after which it was successfully deployed and sezved its purpose on
the Skylab II Mission.

INTRODUCTION

The urgency of the effort necessary to produce a substitute thermal shield
in a few days was based on NASA's concern for both foodstuffs and scientific

film stored aboard the spacecraft where cabin temperatures approaching 316
degrees Kelvin (120 degrees Fahrenheit) were rapidly exceeding mission limita-

tions. Consequently, the Skylab II crew launch was deferred approximately i0

days to permit the agency to consider various repair options and select the
best c_ndidate.

Numerous thermal shield concepts were advanced_ some requiring extravehic-

ular act_vlty deployment, while others were deployable from inside the Orbltal

Workshup. _he Skylab Parasol design was selected as the primary sunshade de-

vice based on simplicity of design, ability to fabricate qulckly, and early
demonstration of a working prototype which featured semiautomatic deploym, nt

from_rlthin the workshop under shirt-sleeve environment conditions.

The outstanding contributions to the parasol design, fabrication, and test

given by Johnson Space Center directors, engineers, and technicians are grate-

fully acknowledged. Their combined efforts made the Skylab Parasol possible.

DESIGN REQUIREMENTS

The Skylab Parasol was designed to meet the following requirements: (I)

provide a 6.7- by 7.3-meter (22- by 24-feet) canopy over the Orbital Workshop,
• (2) deploy from cabin in shirt-sleeve environment, (3) have 177.9-newton

*NASA Lyndon B. Johnson Space Center, Hous'ton, Texas
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(40-pound) push limit for ease of crew operation, (4) have jettison capability,

(5) have container size limit of 30 by 30 by 152 centimeters (12 by 12 by 60

inches), (6) have maximum weight limit of 45 kilograms (i00 pounds), (7) use

: readily available, proven n_terials, (83 simplify fabrication, and (9) use

existing flight qualified hardware wherever possible.

SYSTEM DESCRIPTION

The design philosophy ±_ 5e_t demonstrated by examining the overall mech-

anism and some of its detail parts. Figure 1 shows the packed parasol. An

ex_stlng T027 photometer experiment canister was used as a container. Thls

choice was based on appropriate size and the fact that an interface with the

solar scientific alrlock existed in the proximity of the unprotected portion

of the Orbital Workshop. A modified inboard backplate utilized an existing

seal design which permitted use of extension rods of the same basic design as

those qualified for T027. The existing photometer ejection rod was also in-

cluded to provide the capability to Jettison. A teflon liner and a set of re-

tractable exit flaps were added to the canister interior to protect the canopy

material during extension. Major components of the parasol, other than the

modified canister, were a 6.7- by 7.3-meter (22- by 24-foot) aluminized mylar/

nylon laminate canopy that was essentially opaque to solar thermal energy, a

canopy mast; a mast hub with four sets of deployment springs; four telescoping

deployment tubes; seven extension rods; and the T027 canister support tripod.

The combined stowage weight of the parasol, extension rods, and the c)ntalner

was 35.2 kilograms (77.5 pounds).

DEPLO_I_

i

The following deployment sequence was used. Each step Is referenced to

: steps of Figure 2.

i. Upon transfer from the Command Module to the Orbital Workshop_ the

parasol canister was attached to the scientific alrlock port on the sun-facln8

81de of the Orbital Workshop. Step A.

2. After appropriate venting, the scientific alrlock port door was opened.

Extension rods and a push knob were threaded on the mast in sequence, one at a

time, as the parasol uas extended gradually in the folded condition to a dis-

tance of 4.9 meters (16 feet). Release knobs attached to the tip ends (stowed

inboard) of the telescoping tubes retained the telescoping tube assembly until

full extension and latching had occurred. Step B.

3. At this point the crew released the telescoplng tube array to permit

further deployment out of the canister. A dlstance-callbrated final extenslon

rod was installed, after which the canopy and telescoping tube deployment array

were pushed to a position 6.4 meters (21 feet) beyond _he outer surface of the

Orbital Workshop where automatic deployment began vla the deployment springs.

Step C.
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_ 4. After completion of the automatic deployment sequence, the crew verified

the deployment condition via an observer in the Command Module. Step D.

5. Upon full deployment, the crew leturned the p,, asol to a positlo_ =u.3

, ," centimeters (8 inches) above the Orbital Workbhop's outer skin by reversing the
extension rod deployment procedure. UsJng the rod clamp _nd orientation knob,

7 the deployed parasol was reposltioned by the crew to obtain optimum thermal

protection and locked in place for the balance of the m2sslon. Step E.

_" The actual deployment was dellberat _ly done very carefully and slowly and

took about 2 hours. ";onsequently, the parasol was extended out but not deployed

_ while on the dark side of the orbit. The resulting cold condition prevented the
immediate and complete deployment or flattening of the parasol fabric. However,

_: as the spacecraft returned to the sun side, the material warmed up sufficiently
to permit proper flattening out. Oscillat_on of the extension rods by the crew

aided the final positioning process.

_: The Orbital W_'kshop external skin temperature of 364 degrees Kelvin (195

; _" degrees Fahrenheit) dropped to 308 degrees Kelvin (95 degrees Fahrenheit) w__thln

12 hours after parasol deployment. The internal cabin temperature of 316 degre£s

_ Kelvin (120 degrees Fahrenheit) dropped below 311 degrees Kelvin (100 degrees
Fahrenheit) within a day alldstabilized after 6 days at 297 degrees Kelvin (75
degrees Fahrenheit).

D'_%IGN DETAILS

Telescoping Tubes

_" The initial parasol demonstration model utilized easily obtainable, tapered,

": .. telescoping, friction-lock, fiberglass, fishing rods as a medium to deploy and

< support the canopy. Although considered a possible candidate for the flight ar-
ticle, a more substantial equivalent was produced by using stock readily avail-

able, 6061-T6 aluminum tubing, modified to produce the tube Joint design de-

picted in Figure 3.

In order to compensate for the excess clearance between outside diameter

' and inside diameter of the standard 0.89-millimeter (0,035-inch) wall aluminum

," _ tubing series, a pair of convolutions was rolled into each tube's inside diam-
eter which reduced the nominal stock clearance from 1.27 millimeters to 0.25

i, millimeter (0.050 to 0.010 inch) for a close sliding fit. This modification

_' also provided _ positive stop surface which interfaced at deployment with a
similar convolution on the outside diameter of the mating tube.

An integral stop tang on the tubing is another major feature of this de-
sign. A pair of precision machined U-shaped slots was cut 180 degrees apart

r near the outboard end of each telescoping tube section, after which the result-
,_ InK tangs were bent inward to form leaf-spring-like detents. 'Itwas necessary

to machine a perpendicular surface on the previously rolled tube convolution to

complete the positive stop mechanism. Minimal material thickness and uniform-

Ity of fit required special Jigs for fabricating and verifying the operation of

101

: )

1976012084-103



i

0 i t: i

the latch mechanism. Using mandrels, a conventional tube beading machine and

a modified hand_laring tool with appropriately radlused rollers, Johnson Space

Center shop technicians perfected this detail as actual manufacturing was under- I

way. All exterior tube surfaces were anodized and all interior surfaces were
alodlned to minimize galling and improve corrosion resistance.

!
Masthead Deployment Mechanism I

The masthead deployment mechanism consists of a two-plece masthead and four/

sets of matched torsion springs (Fig. 4) mounted in a manner to guide as well as

rotate the telescoping tube arrays througL a 90-degree arc during canopy deploy-

ment. Due to the nece,sary offset location of the deployed canopy, versus the
fixed location of the scientific alrlock port in the Orbital Workshop, the de-

ployment hub design requiredanasyn_netric layout of the torsion spring sockets

in conJunction wlth offset rigging of the canopy to achieve the desired results.

The initial demonstration masthead deployment system utilized four conven-

tional, closely wound, extension springs with one end nested in each of the base
telescoping tubes and the other clamped in counter-bores in the original hub.

Although this design worked satisfactorily as a combination pivot and rotating

force, it was superseded by the uwin torsion type springs which was a stronger

_i spring with better directional control. A pair of torsion springs made of 3.175-

millimeter (i/8-inch) diameter music wire provided sufficient torque, 33.9 newton-
meters (300 inch-pounds), to rotate the extended telescoping tube and canopy as-

sembly through 90 degrees of rotation under zero-g conditions. Because the

parasol components would be weightless when deployed in space, very low torsional

force was considered necessary, while excessive torsional force was considered

dangerous in that too rapid a deployment sequence might endanger other elements

of the parasol system installation.

The two-piece masthead design featured a compact arrangement for terminat-

ing all eight sprin_s in a small diameter hub, yet provided sufficient spacing
width for stabillty. A combination of radlused _ooves in the masthead collar,

; term!hating in the opposed 90-degree blind drilled holes, permitted the torsion

sprlnEs to ocerlap one another without affecting their function. A similarly

designed split plug bushing was machined to fit the inside diameter of the tele-

scoping tube to forms positive anchor for the other end of the torsion springs.

Canopy

The expediency of the parasol development effort dictated the selection of

,, a fabric available at Johnson Space Center. The material chosen was a laminate

of orange, 0.063-milllmeter (O.0025-inch), rlp-stop nylon bonded to 0.013-milll-

meter (O.0005-1nch), alumlnized Mylar (Fig. 5). Fabrication consisted of sew-

Ing adjacent 91.44-centimeter (36-inch) wide panels togethe_ after which a hem

around the periphery was reinforced with 2.54-centlmeter (1-1nch) nylon tape.

A polybenzlmldazole (PBI) llne was sewn into the hem and provided a means of

art&chinE the canopy in an offset manner to the ends of the telescoping de-

ployment tubes. :'
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The canopy was installed on the sun-faclng side of the tubular deployment
mechanlsmwith the nylon side toward the sun. The basic nylon/Mylar material

has an absorptlvity/emlssivity ratio (u/E) of 0.47 and the vapor-deposlted
aluminized side an emissivity (c) of 0.04.

C

DEVELOPMENT AND ACCEPTANCE TESTING

Determination of the type and scope of development and acceptance testing
necessary to "qualify the parasol for flight evolved quickly as the design details
became known to members of the Johnson Space Center's test evaluation team. A
command post was established on the floor of Johnson Space Center's central fab-
rication shop where all deslgn, fabrication, and test requirements were coordi-
nated around th_ clock over the 6-day period. This expedited arrangement re-

sulted in completion of a data package containing a full drawing set, written

assembly and test procedures, along with fully documented quality control cov-

erage. The test program that evolved was aimed at providing sufficient tests
to demonstrate the flight readiness of the parasol assembly. Test time was ex-

tremely limited and contingent upou hardware availability. Selected examples of

a few of the materials, subsystems, and assembly verification tests that were

performed are described as follows.

Telescoping Joint Tensile Tests

The objective of this test was to determine the tensile strength of the
smallest diameter telescoping tube-Jolnt of the telescoping tube assembly. An

Instron tensile test device was used. The test specimen was a prototype Joint
fabricated from 9.53-millimeter and 12.7-millimeter (3/8-inch and 1/2-inch)

dlametec 6061-T6 aluminum tubing. Failure occurred at a load of 213.19 kilo-

grams (470 pounds). At that point the inner tube pulled past the first boss of

the telescoplng Joint. A load of 140.61 kilograms (310 pounds) was required to

pull past the second boss and separate the tubing sections. The test indicated
that the tube sections could not be pulled apart by a crew-generated force.

Deployment Development Tests

A series of successive deployment tests was performed in the high bay area

of Juhnson Space Centerts central shops. The objective of this series was to

evaluate the deployment characteristics of the spring-hub assembly, the telescop-

ing tube array, the fabric packing configuration, teflon liner performance, and

general packing density problems, if any. The setup consisted of an overhead

crane, a suspended platform to which the parasol canister was attached, and a

protected floor area to receive the deployed test article. To give the astro-
naut crew some firsthand experience, it was arranged for backup crewman, Bill

Lenolr, to perform the deployment procedure while Jack Lousma and Owen Garriott

acted as observers. Figure 6A shows deployment from the packed canister using
extension rods under one-g conditions. The first test demonstrated the ade-

quacy of the overall concept while causing some doubt about telescopic tube
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latch-up. After deployment, the individual telescope tube lock tabs were in-

spected carefully and found to vary slightly in degree of built-ln spring detent.

The controlled adjustment of the lock tabs via appropriate tooling fixtures would

alleviate the variance caused by the previously used hand-bending technique. The
folios-on deployment demonstration tests provided additional confidence in the

syste:_'s operation. Because of gravitational effects on the unequal mass dis-

tribution of weight within the canister package and resulting irregular deploy-

ment pattern, one test featured an alternate deployment where the parasol was
not packed in the canister and was manually released from the platform with all

telescoping tubes in the e_tended and locked position. Figure 6B depicts this

deployment.

: Canopy Material Test

; The material selected for the parasol was subjected to a complete program
of expedited materials testing ranging from verification of the "as received"

mechanical properties to determination of the degradation of properties as a

result of combined thermal/vacuum/ultravlolet radiation exposures which simu-
lated on-orbit conditions. Accelerated exposure tests were conducted at Johnson

Space Center, Marshall Space Flight Center, and TRW Systems in Redondo Beach,

California. Properties measured included solar absorptance, total emittance,

breaking strength, elongation, and tear strength. Before and after exposure,

scanning electron microscope photomicrographs were taken at various magnifica-
tions to 5000x to determine the material surface conditions with respect to the

formation of flaking or dust generation which could have generated contamination

which would have interfered with Skylab experiments. Tests of out-gassed prod-

ucts were also performed under reduced pressure environments to ensure that the
materials generated no potentially toxic products during launch and flight prior

to deployment.

While ultraviolet-radiation-induced changes were observed in the materials'

properties, in all cases testing verified that adequate integrity could be ex-

pected to be retained through the initial use period. Subsequent to deployment,

additional ground testing verified acceptability to more than 2000 equivalent
sun hours of orbital exposure.

As an additional precaution against possible long-term canopy degradation

and to preclude higher internal temperature, an alternate thermal shield carried

on the initial mission, a twin-boom sunshade, was deployed over the parasol on

the second manned flight. At the conclusion of 9 months' exposure to a com-

bined thermal vacuum/ultravlolet radiation environment, observations made by

the crew of Skylab IV during final fly-around inspection indicated the protrud-

ing portion of the parasol that had Been continuously exposed appeared to be in
satisfactory condition.

Full Parasol Deployment at Vacuum (lxlO-2)
!

The o_Jectiee was to verify the operational readiness of tile total parasol
assembly under simulated space flight vacuum conditions. This test was conducted
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in Chamber A of Johnson Space Center's Space Environment Simulation Facility.

The parasol canister mounted to an 1-beam structure within the chamber and

a cable and pulley arrangement coupled with an appropriate drive metor and load
cell system was used to activate the para ol and gather force data. A net was

provided at the bottom of the chamber to catch the deployed parasol c_nopy and

telescoping tubes. With a TV monitoring system in place, the cable drive system
was actuated gradually and load cell readings were recorded. At 186.83 newtons

(42 pounds) applied load, the drive switch was turned off and the load went to

44.48 newtons (I0 pounds) indicating the push rod had moved. Each successive

application of power again caused movement with extension force dropping to

22.24 newtons (5 pounds). Deployment continued to the point where the unevenly

distributed weight of the deployed canopy material caused a significant bend in

the telescoping tubes on the long side of the canopy. This condition resulted

in the tubes that supported the short side of the canopy being released from the
end of the canister last, thus causing a pitch-over toward the long side as the

canopy came to rest in the net. This test condition, attributable to the one-g
deployment, resulted in additional verification of the strength of the telescopic

tubes since no damage was incurred.

CONCLUDING REMARKS

The Skylab Parasol is an outstanding example of the inherent advantages of

a practical mechanical system design which features ease of fabrication and use

of readily available materials. The choice of the parasol as the primary ther-
mal protective device was based on reaeiness, demonstrated ease of depl_yment,

and proven thermal effectiveness. The highly successful deployment on the Sky-

lab II Mission, accompanied by crew reports on the ease of deployment, verified

the operational aspects of the design. The drop in the Orbital Workshop inte-

rior temperature from 316 degrees Kelvin (120 degrees Fahrenheit) to 297 degrees
Kelvin (75 degrees Fahrenheit) provided a habitable environment in which the

flight crew was able to successfully complete its mission (Fig. 7).
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Figure 3. Telescoping Tube Details
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Figure 6B. Manual Release of Extended Canopy
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9. THE PERFORMANCE OF COMPONENTS IN THE

: SKYLAB REFRIGERATION SYSTEM

By Charles E. Daniher, Jr.
L-

Mc Donnell Douglas Astronautics Company
i

, SUMMARY
?

The on-orbit performance of the Skylab Refrigeration System components
!i is presented. Flight anomalies are analyzed and performance of the newly

developed components is described.

Nine months of orbit data proved the practicality of the leak-free coolant

: system design. Flight-proven application of a thermal capacitor and develop-

ment test results of the first all-mechanical, low-temperature mixing valve

f represent a significant advance in single-phase, tow-temperature coolant

loop design. System flight data suggest that additional instrumentation and

: fluid filters could have prevented system orbit performance anomalies.

J,

INTR ODU CTION

:r$

• The Skylab Orbital Workshop (OWS) Module contained a refrigeration

system (RS) that was designed to maintain 0.248m 3 (8.75 ft3) of frozen food

at a temperature of 250 K + 5.5 K (-10°F _- 10°F), freeze and maintain daily

'" urine specimens (IZZ ml/crewman) at 254 K (_2.5*F), chill daily micturition

(4 liters/cre_m_n) to less than 288.2 K (59°F), and chil. water, medical

supplies, ana biological specimens to Z77 K ± 3,3 K ('$9± 6°F). Temperature

control v.,asinitiated 40 days before the launch of Skylab I (April 17, 1974)

and was maintained until the end of the last mission 307 days later

• (February P, 1974).

The spatial location of RS equipment is shown in figure I. A food

freezer-chiller, located in the wardroom, and a water chiller, located in the

wardroom table, are shown. The Bioanalysis Lab contained the urine freezer

and chiller. _fhe forward area (second f]oor) contained the food storage

freezer, the RS pumps, and electronic control modules. The RS radiator

and an insulated thermal control assembly that housed the thermal capacitors,

flow control valves, and ground cooling heat exchangers were located on the

aft end of the OWS.

•_ The RS fluid schematic is shown in figure Z. Heat-transport and temper-

ature control were accomplished by controlling the flow of a single-phase

liquid coolant (Coolanol 15) through freezers and chillers. The heat picked

/ up by the flowing coolant was either rejected (1) to :he space environment
: through the zinc-oxide coated 7.8m 2 (84 ft2) radiator, (Z) to the grour:l cooling

heat exchanger during ground operation, or (3) to the thermal capacitor
i
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during periods when the radiator or g.ound cooling heat exchangers were not
operating (during launch and transient thermal orbit operation). Dual
redundant coolant loops were employed to preclude a single system coolant

: leak thatwould res-ltin the loss of RS cooling capability(reference I).

Extensive knowledge and experience was obtained during the design of this
low-temperature 244 K (-20*F), single-phase, liquid-coolantrefrigeration
system. The purpose of thispaper is to present the design failures, suc-
cesses, and recommendations resulting from flightexperience, with the hope
that future designs will not follow paths leading to failure but rather follow the
paths to success. This paper is limited to the following four design areas:

I. Design of leak-free coolant systems.

2. Design o'fthermal capacitors and their usage in thermal feedback
control sy._tems.

3. Design of a thermostatically actuated, mechanical flow-control valve
for low-temperature mixing.

4. Flight anomalies of flow and pressure control components and
possible remedies.

DESIGN OF LEAK-FREE COOLANT SYSTEMS

No detectable leakage of coolant, from either the primary or backup OWS
RS cooling loops, showed in 307 days of ground and flightdata (reference l).
In contrast, a similar redundant system on the Skylab leaked coolant from both
loops and had to be refilledin flight. Neither the cause nor visibleevidence

- of leaked coolant was found; however, the leaks were attributedto mechanical
_ connections. The KS leak data show that itis possible to design a leak-free

system. The suggestion is made thatthis leak-free performance resutted
from the use of high quatityfluidfittingsand the applicationof stringenttest
criteria.

Design Philosophy and Hardware

The following discussion outlinesthe philosophy and hardware used in the
RS design.

I. Minimize allr,nechanicallyseparable connectors by brazing system
coolant connections.

2. Where separable connections are required, use high-quality MC
(Marshall Center) specificationsfor tube fittings,flares, O-rings,
and K-seals.
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3. Leak test oraze fittings to I x 10 -6 sccs He at 930.69 kPa (135 psig)

and leak test mechanically separable connectors to I x 10-5 sccs as
determined by mass spectrometer quantitative analysis.

4. Retorque B-nut connectors after pressure cycling to minimize the
possibility of torque relaxation.

A typicat braze union is shown in figure 3. The union was made of 340L
CRES cond A, The braze material was 8Z-percent gold and 18-percent nickel
and was held in the braze union bulbuntil melted out. A prime consideration
was the effect of the melting temperature on components as a result of the
required fitting brazing temperatcre of 1,311 K (l,900"F) for 35 sec. Testing
revealed that the MC2665 fluorosilicone rubber seal reached 394.3 K (Z50*F)
during the braze operation; the seal can maintain its effectiveness to 505.4 K
(450°F).

Mechanically separable connections to off-the-shelf hardware and to
removeable equipment were made using either the braze adapter shown in
figure 3, which was sealed with a fluorosilicone packing or a teflon-coated
meta1-K seal, or anMC flare tube connector shown in figure 4.

Leak testing of each coolant loop was accomplished using 930.69 kPa
(135 psig) helium to a level of 10 -5 sccs per joint. Care was taken to ensure
that joints leak-checkedwith gas were dry and free of capillary liquid which
could block potential leak paths. The system was also leak-checked by a
pressure decay test with a decay of -0. 124 kPa/hr (0.5 in HzO/hr) allowable,
using 930.69 kPa (135 psig) helium.

The RS contained a total of 413 joints of which 253 were braze fittings,
llZ were O-rings or K-seals and 48 were MC flare fittings.

Leak Prediction

Symbols

P = pressure

V G = maximum gas volume when accumulators are empty

K B = effective metal bellow_ spring rate

X ° = bellows preload

A = effective bellows piston areaB

MG - mass of accumulator gas charge

R G = gas constant

. T G = absolute gas temperature

: VA = volume of coolant in accumulator
117
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V S = volume of coolant in one system loop with accumulator empty

M L = mass of liquid coolant loaded into system

T-L = average coolant temperature

PL = density of liquid coolant

C i = mass weighting constants

= pressure error

Sub script

L = liquid coolant

G = accumulator gas

B = metal bellows

S = per coolant loop

The prediction of flight coolant leakage was a mission data requirement.
It is a paradox that leak-tight systems may not allow for the prediction of an
unacceptable leak rate because of low gains on the measured parameters
necessary to predict leakage.

8PL 8VA )i.e., low a-_A or tow_--_L

For example, the random error on the RS pressure measurements were
such that 66 days were required to determine if a temperature-corrected pres-
sure was actually a leak.

The off-the-shelf coolaut accumulators did not incorporate a direct reading
volume indicator. Thus, the volume of coolant had to be indirectly determined
frown the pressure on the coolant and the temperature of the accumulator gas.
Pressure was maintained on the liquid coolant by a spring-loaded metal
bellows and a non-condensing I_-ZZ gas (figure 5).

The leak calculation procedure was to determine what the pressure on the
coolant should be. This calculated pressure was then compared with the
actual flight pressure and a pressure error number generated:

PFLIGHT PC : _ (I)
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The pressure on the coolant is described by

K S V A MGRGT G

PC = KsXo + A Z + VG VA (Z)
p

"metal pressure due pressure due
bellows to bellows to accum-

preload compression ulator gas

All leak detection schemes must assess the average coolant temperature
to determine the volume of the coolant in the system and hence the amount of
coolant that should be in the accumulator. The average coolant temperature
is found from:

n

T L - _. C i T. (3)
i=l I

Ci's are mass-weighting constants. The RS coolant volume was divided
into 16 isothermal nodes representeJ by combinations of flighttemperature
transducers (figure 5).

The volume of coolant in the accumulator was found from:

v -vs (4)
a - P(TL)

The leak calculationprocedure is as follows:

I. Determine the average coolant temperature from equation (3).

Z. Calculate the volume that should be in the accumulator from

equation (4).

3. Calculate the coolant pressure using equation (Z).

4. Calculate the pressure error using equation (I).

The mission leak-prediction results are shown in figure 6, with pressure
error plotted against the day of the year (DOY).

Data evaluations were started on DOY 134 (May 14, 1973). The average
value of the pressure error (_)of Z0.5 kPa (Z.967 psig) was a systematic
error thatwas probably due to variations in metal bellows spring constants
KS, the magnitude of the gas charge MG, and uncertainty in coolant fillmass

, ML.

The lower bound of measurement tolerance was established by adding the
pressure transducer least biterror 2.14 kPa (0.31psi_) to the transducer
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([ repeatability 2.07 kPa (0.3 psig). The allowable system leakage 197 cm3/year

(12 in. 3/year) was equivalent to a pressure decay of 0. 0517 kPa/day

{0.0075 psig/day). Figure 6 shows that no coolant leakage was detectable.

As a result of the difficulty in measuring system leakage, it is recom-
mended that future systems either incorporate a high-gain accumulator (large
_P/DVA} or incorporate volume-indicating instrumentation and provide suf-
ficient temperature instrumentation to determine the average liquid temper-
ature. Depending upon margins, the evaluation of possible leaks could be
substantially reduced from the 66-day Skylab RS limit.

DESIGN AND USAGE OF THERMAL CAPACITORS

The RSused aphase-changing heat _ink (thermal capacitor) as a heat
storage device. Heat was transported t, _nd from the liquid coolant that
flowed through it at a constant rate oi 56.7 kg/hr (125 lb/hr).

The phase-change material (PCM) was Unc!,_cane (Cll H24), a polymorphic
odd-numbered paraffin with a liquid/solid c__s1¢_ point at 247. 60 K (-14"F) and
a crystal structure change at 2_ r.5 K (-34°F) (reference 2). At 247.60 K,
the capacitor stored 36.68 cat/gr (66Btu/lb); at 236. 5 K it stored an additional
10.01 cal/gr (18Btu/lb).

Design of Capacitors

The thermal capacitor was fabricated in three identical segments and
plumbed in series as shown in figure 2. The construction of each segment is
shown in figure 7 and consisted of:

1. A plate fin coldplate which transported '.,eat between the coolant and
the coldplate surface.

2. A PCM chamber which contained and allowed for expansion and con-
traction of the PCM, and transferred heat between the coldplate and
the PCM.

3. A PCM that changes phase at 247.6 K {-14°F).

The PCM chamber was a special hex cell or honeycomb design. The
hex cells were 0.3175 cm (1/8 in) across the fiats and E.54 cm (1 in) tall with
O.OlS-cm- (O.O06-in) thick aluminum foil walls (figure 7C). Small cell size
was desired to increase the effective thermal conductance to the PCM. Each

hex cell was filled 80 percent with PCM and 20-percent air for ullage, (fig-
ure 7B). The ends of the hex cells were bonded to aluminum sheets, one end
to the coldplate surface and the other to a thin sheet of aluminum.

The design captured a discrete expansion (ullage) volume into each celt.

This was required because the wax volume increased 8 percent when melted.
The original design did not capture the ullage but simply allowed for a _:
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20-percent expansion in a chamber with open cell tops. When this original
unit was slightly tilted and melted, the wax chambers ruptured. In zero
gravity this same effect would result due to the Marangoni effect which
observes that liquid will tend to flow towards regions of high surface tension
(low temperature) (reference 2).

Capacitor Use in Thermal Feedback Control System

The thermal capacitor (TC) provided a means to filter cyclic inlet tem-
peratures from the space radiator of 244.26 K + 15 K (-20 ± 27°F) to a cyclic
amplitude of 242 K ± 4.4 K (-24°F ± 8°F) at the outlet of the third segment
(figure 8).

P

The capacitor also provided deadband for the feedback controller. A
temperature sensor located on the coolant tube downstream of the first
capacitor segment (figure 2) was used to control the radiator bypass valve

: and maintain the two downstream thermal capacitor segments in a frozen
state.

When the TC control temperature sensor reached 248.26 K (-12.8°F),
indicating that the first segment had melted, the coolant flow was diverted to
the radiator and the capacitor refrozen. Cooling was terminated when this
same TC sensor reached 236.21 K (-34.5°F) at which time coolant flow was
bypassed around the radiator and the first segment would then begin to melt
again. This deadband resulted in a 93-minute limit cycle. The system
response, (figure 8), shows the coolant temperature out of the third TC

segment was maintained at less than 247.59 K (-[4°F), the PCM fusion
point.

Designers of future systems should consider liquid-coupled thermal L
capacitors as flight qualified components. Their effective use can greatly
reduce the required radiating area and make possible the design of low-
temperature refrigeration systems. In addition, capacitors provide sub-

stantiai temperature filtering; they also provide their own controller deadband.

The large thermal expansion and low thermal conductivity PCM's require a
design of small hexagonal cells 0.32 cm by 2.54 cm(1/8-inby l-in) to increase
the thermal conductance to the wax and with captured ullage to minimize the
PCM expansion yield path to ullage.

:, LOW-TEMPERATURE FLOW CONTROL VALVE DEVELOPMENT :

A thermostatically actuated flow control valve was developed to propor-
tionally control flow through the radiator and thermal capacitor as shown in
figure 9B. Proportional flow control was selected to meet an original require-
ment to limit frozen food temperature cycle amplitude. Flow and temperature
instability showed up at the component test level; the proportional control
valve was replaced with a binary flow control system and consequential_Iywas
not part of the RS. However, the oscillation (instability) problems were
solved by degaining the valve area]stroke function at the hot port. Completion
on this modification was too late to meet the Skylab launcb schedule.
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Degaining increased the stroke required to close the hot port and resulted
in an increase in the valve control temperature bandwidth from 244. Z6 + 1.66 K
(-20"_ 3°F) to 247 K± 3.3 K (-15± 6¢F). Although this performance did not
meet the tolerance limits originally specified, this is the first flight-type,
thermally-actuated valve to be developed for this low-temperature operating
band. The low temperature flow control valve ;-s shown in figure 9A. The
total dry weight was Z. 19 kg (4.84 lb), the length 25.4 cm (10.0 in), and the
diameter 4.8 cm (I. 89 in). This design functioned as follows:

An actuation medium, consisting of silicone fluid (DC-200) doped with
(Z0 percent by volume) copper flake to improve thermal conductivity, was
contained within an internally and externally finned actuator housing. The
actuation medium linearly expanded and contracted, on heating and cooling
respectively, as a function of the valve coolant mix temperature. This
medium volume change was amplified and converted to a linear stroke by
moving abellows-sealedpiston. The piston was connected to a slotted sleeve
that masked and controlled the hot and cold coolant fluid passage openings.
The fully open hot to fully open cold piston travel was 0. 0889 cm (0. 035 in).
This travel took place between a Z44.26 K (-20°F) to 247. 59 K (- 14"F) change

: in the actuation medium temperature. Over-temperature protection was pro-
vided by a second over-travel piston sealed by an over-travel bellows. This
piston moved off its mechanical stops after the slotted sleeve had moved to

• the far left limiting position. Over-temperature protection to 32Z.03 K
(+IZ0°F) was provided.

Early problems developed during valve testing. The actuation bellows
squirmed, causing a shift in the temperature control band. The problem was
solved b) a hardware change using a close tolerance teflon guide cylinder
for the bellows.

The valve also exhibited a temperature control instability with an
amplitude of 8.33 K (15°F) and a period of 24 seconds. Instability was found
to be a function of the radiator pressure drop and the difference in the hot and
cold port temperatures. In the above case, instability occurred when the
cold port temperature was Z10.9 K (-80°F), the hot port was 250.37 K (-9°F),
and the radiator pressure drop was Z75.76 kPa (40 psid). This pressure drop
had to be balanced by the hot-port, slotted-sleeve opening. The problem was

' the high area change to stroke gain at bypass port closure. The solutionwas
to degain the bypass port by taking more valve stroke to change the port area
from fullopen to fullclosed. The resultingperformance is shown in figure I0
(reference 3), The condition being run was a simulated radiator temperature
change at a high radiator pressure drop of 344.7 kPa (50 vsid);minimum
radiator temperature was Z10.9 K (-80°F); and the bypass temperature was
Z66.48 K (+20°F). As a result of this valve development, the following design
recommendations are made:

I. Define port "load lines" early (pressure drop versus flow character-
istics). Ifthe evolving design is in such an unpredictable state
(finalradiator size not known), then a valve installationas shown
in figure 9C should be considered. The maximum pressure drop
imbalance is controlled by the design of the regenerator heat

,. exchanger only. This approach was used successfully for the chiller
valve shown in figure Z. When selected, the regenerator heat
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exchanger approach allows the flow control valve development to
proceed independent of the final radiator design.

Z. Component-level testing should realistically simulate the flight
system characteristics and should include the following:

Test conditions, that force the valve to perform its control function
at the end of its stroke (at port closure}, should be selected for
stability analysis. For example: the coldest bypass port temper-
ature Z49.8Z K (-10°F), the coldest radiator port temperature
g10.93 K (-80°F), and the highest radiator pressure drop 310. Z3 kPa

(45 psid) all combine to force the valve to flow control on the bypass
port.

Testing should also include conditions that simulate the inlet port
temperature design limits; this may reveal a fluid mixing instability.

For example: this valve was tested with a bypass port temperature
of Z66.48 K (+Z0°F) and a radiator port temperature of 205.37 K
(-90"F).

Testing should include the simulation of expected inlet temperature
and pressure ramps to determine valve mix temperature tracking
limi t s.

Data required for valve math modeling are:

1. Actuator stroke versus temperature (note bellows actuators usually
have a hysteresis which provides deadband).

Z. Port orifice coefficients versus stroke.

; 3. Actuator thermal time constant and effective capacitance.

FLIGHT ANOMALIES OF FLIGHT FLOW AND

PR ESSUR E CONTRO L COMPONENT S

The RS binary radiator flow control system functioned normally as shown
in figure 8 until anomalous performance was observed on DOY 173. The
expected and actual flight performance of the thermal capacitor outlet tem-
perature and the coolant system differential pressures are shown in figure 11.

Desc ription of Anomaly

At approximately 17:02:03 GMT, the system differential pressure
decreased 34.47 kPa (5 paid}, at a time when a switch to radiator flow was
expected, due to a g48.26 K (-lg. 8"F) thermal capacitor control sensor
signal. The expected differential pressure was 39Z. 96 kPa (57 psid) which
indicated that warm fluid was being diverted through a viscous radiator. The
low differential pressure of 220.6 kPa (3Z psid) and thermal capacitor inlet
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temperature of 255.37 K (0*F) suggested that total flow was not flowing
through the radiator and that a splitflow (radiatorand/or bypass legs
path A and B, figure 2) was occurring.

The complete melt of the thermal capacitor occurred approximately
2 hours after the anomaly and an automatic switch to the backup coolant
loop, caused by a food temperature sensor exceeding 255.93 K (+I'F),
resulted in even worse performance. Apparently the secondary loop was
also bypassing coolant flow around the radiator.

The potentialleak paths are shown in figure 2. A leak through path B
is caused by coolant flow past the bypass port poppet of the radiator bypass
valve (RBV). Subsequent investigationindicated thata 25_ particle, iftrapped
in the poppet seat, could cause the observed leak. Path A is through the
radiator reliefvalve which could have lodged open due to contamination. Con-
tinuous cycling of the RBV by ground controllersmay have been the cause for
performance improvement since the RS primary loop returned to an accept-
able split-flow performance mode (approximately 50 hours after the anomaly)
and continued to function until the end of the last mission (February 8, 1974).
The binary flow control system was disabled and the RBV left in the radiator
flow position at that time.

Probable Causes and Recommendations

This anomalous performance might be prevented in future designs if
the following two recommendations are implemented.

The firstrecommendation is to provide for particle filteringupstream
of allvalves that are contamination sensitive, and especially ifthey are
located downstream of brazed heat exchangers. The brazed plate fin
regenerator heat exchanger shown in figure 2 was a likelycandidate for
particle generation. This was assumed since vibrations and zero gravity
could coincide to loosen and allow braze particles to enter the coolant flow
stream. Better cleaning practices may reduce the number of particles
generated but the judgement is that brazed heat exchangers will always
be a potentialsource of particles large enough to cause a valve malfunction
of the type observed.

The second recommendation is to provide a simple flow-sensitive reed
switch to be located at points A and B (figure2) and set to indicate flows
above the allowable leakage values (inthis case flows > 0.91 Ks/Hr
(_>2Ib/hr). This would allow for the positive ground checkout of the full
radiator flow function. In retrospect, ground checkout procedures and
existing instrumentation did not allow for the accurate determination of the
fullradiator flow condition when the RBV was commanded to the radiator
flow position. Accurate assessment of the fullbypass positionwas accom-
plished by noting the thermal capacitor inlettemperature when the ground
cooling heat exchanger was operating. A partialflow of 259.26 K (+7*F)
coolant to the radiator would have resulted in (1)condensation on the radiator
surface and (2)a thermal capacitor inlettemperature higher than the coolant
temperature out of the ground-cooling heat exchanger. The assessment of
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the full radiator flow could not be determined in the same manner. Rather,

itwas determined by changes in system differential pressure between

radiator and bypasa RBV positions.

_ CONCLUDING REMARKS '

Designers of future coolant systems should carefully evaluate cleaned

heat exchangers as potential contamination sources and provide for coolant

particle filtration. In addition, allowance should be made in the system for

the incorporation of instrumentation, such as the flow-actuated reed switches,

to verify required fulland no-flow conditions.
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10. REFURBISHMENT OF THE CRYOGENIC COOLERS FOR THE SKYLAB

EARTH RESOURCES EXPERIMENT PACKAGE

By Jerry C. Smlthson ar.dNorman C. Luksa

Lyndon B. Johnson Space Center

SUMMARY

Two of the Skylab Earth Resources Experiment Package (EREP) experiments,
S191 and S192, required a cold temperature reference for operation of a spec-

trometer. This cold temperature reference was provided by e subminiature

Stlrling cycle cooler. However, the failure of the cooler to pass the quali-

fication test, coupled with the fact that the cooler manufacturer had gone

out of business made it necessary for the additional cooler development,
refurbishment, and qualification to be done by the Lyndon B. Johnson Space
Center (JSC). Because of the exclusive nature of the contracts between the

cooler manufacturer and the experiment contractors, no drawings, assembly

procedures, or manufacturing specifications were available. Furthermore, no

replacement components were available for the limited number of existing
coolers in the EREP program. These facts made the development of adequate

procedures for both disassembly and reassembly of the cooler mandatory. Also,
since these coolers were flight items, a strict quality assurance program
had to be implemented. A description of the failures and the cause of these

failures for each of the coolers is presented. The solutions to the various

failure modes are discussed along with problems which arose during the refur-
bishment program. The rationale and results of various tests are presented.

The successful completion of the cryogenic cooler refurbishment program

resulted in four of these coolers being flown on Skylab. The system opera-

tion during the flight is presented.

INTRODUCTION

The primary objective of the Skylab mission was the study of the earth.

This earth survey included agriculture, forestry, oceanography, hydrology,
geology, and geography. The EREP contained the scientific instruments to con-
duct the investigation of these various disciplines. Two of the experiments

within the EREP group were designed to investigate the infrared region of
the electromagnetic wave spectrum. The S191 Infrared Spectrometer performed

controlled experiments in the applicable region of the spee%rum on ground

sites actively acquired and tracked by the flight crewo' The S192 Mul%ispec-

tral Scanner gathered quantitative high spatial resolution line-scan imagery
data on radiation reflected and emitt, d by selected ground sites. One of the
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features which each of these experiments had in common was their use of a

nearly identical cryogenic cooler to refrigerate the infrared detector.

CYCLE DESCRIPTION

Before presenting a detailed description of the cooler, it is helpful

to briefly review the operation of the cooler. Any refrigerator operating on

the Stifling cycle principle must have a compression volume at a warm temper-
ature and an expansion volume at some colder temperature. The relationship

between these two volumes must be such that a fixed quantity of working fluid

(hell,-, in this case) is made to alternately pass from one volume to another
through a regenerative heat exchanger. This is shown in Figure i, which

illustrates the four basic processes of an idealized Stirling cycle. In the

isothermal compression process of Figure l-A, the compression piston moves
upward while the expander piston remains stationary at its top position.

Heat is rejected at the compressor head (the aftercooler heat exchanger) at

an intermediate temperature. Figure I-B illustrates a constant-volume heat

transfer process in which heat is stored in the regenerator. In Figure I-C,
isothermal expansion occurs by a downward movement of the expander piston

with the compressor piston stationary. Heat is absorbed (from the infrared

detector) at the low temperature in the cold-end heat exchanger. The cycle
is completed (Figure l-D) by a constant-volume heat transfer process in which
the working fluid travels from the expansion volume to the compression side.

During this process, the working fluid extracts the heat stored in the regen-
erator during the previous constant-volume heat transfer process.

COOLER DESCRIPTION

The cooler, shown in Figure 2a, is a subminiature Stifling cycle refrig-

erator which uses helium as the working fluid and has a cooling capacity of
approximately i watt at 90°K (-297°F). Physically, the cooler is 6.35 cm

(2.5 inches) in diameter and approximately 30.5 cm (12 inches) long, and

weighs approximately 2.7 k8 (6 Ibs). The cooler consists of four working
sections; they are as follows: (Figure 2b)

a. Cold end assembly, including the cold end heat exchanger and regen-
erator.

b. Cyllnder head assembly, including the after-cooler heat exchanger.

c. Cylinder block assembly, including pistons and crank assembly.

d. Drive motor assembly and gear case.
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The cold end assembly contains the refrigerating surface, which is in

good thermal contact with the infrared detector. This section of the machine
operates at approximately 90°K (_297°F). The cold end assembly also contains

the regenerator which is the heart of a Stirling cycle refrigerator. The

effectiveness of a regenerator is defined as the ratio of energy actually

absorbed to the energy which could be ideally absorbed. It can be shown

{Reference i) that if the effectiveness for the regenerator is less than

94 percent, there will be no net refrigeration. Hence, great care must be
exercised in working with the regenerator.

The cylinder head assembly contains the after-cooler heat exchanger.
The after-cooler heat exchanger, which absorbs the heat of compression from

the helium gas, consists of several very small copper tubes brazed into a

bundle and inserted into the aluminum cylinder head. Heat rejection i_ by

conduction through the heat exchanger walls and cylinder head to the cooler

outer shell and finally, through the mounting brackets to the spacecraft
structure.

The cylinder block assembly contains the compression and expansion

cylinders plus all of the important mechanisms in the cooler. Figure 3

shows a detailed view of this assembly. A single crankshaft is utilized to
drive both the compressor and expander pistons. In order to achieve the!

constant volume processes required for proper operation, the compression and

expander pistons are approximately 90° out of phase. This phase angle is
very important for the optimum performance of the cooler. The phenolic

extension on the expansion piston is to provide a long heat path between the

relatively hot piston rings and the cold working fluid. The pistons have

four basic components; they are as follows:

a. _ aluminum body,

b. A Rulon (glass filled Teflon) sleeve over the aluminum body,

c. Two full-circle Rulon compression rings and,

d. O-rlngs behind the Rulon compression rings to prevent gas leakage
between the ring and the al_minum body.

I The pistons are connected to the piston rods with wrist pins; the wrist pin

1 bearings are needle bearings while the rod bearings and the main crankshaft

I bearings are ball bearings. These bearings are all packed with a commercial

i graded high temperature hydrocarbon lubricant.
A 96-tooth bevel ring gear (show1_in Figure 3) is attached to the crank-t

I shaft with eight screws, which are staked. The ring gear has a _eduction
1 ratio of four which results in a nominal crankshaft speed of approximately

1500 r/min. Both the ring gear and pinion gear are coated with molybdenum
I disulfide dry lubricant. The entire crankshaft/plston assembly is attached
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to t,lecylinder head assembly by screws through the main bearing hangers.

The bearing hangers contain pilot pins for gross alignment; shims are used
to complete the precision alignment of the pistons in the cylinder.

The drive motor assembly contains the 28V d.c. motor which operates at

approximately 6000 r/min or 4500 r/min. The two speeds are a requirement for
the S192 experiment; S191 operates only at the higher speed. The power con-

sumption ranges from a maximum of 45 watts operating at high speed to a

minimum of 28 watts when operating at low speed. The pinion gear is mounted

to the motor shaft and the set screws are safety-wired. The gear case is
utilized to mate the motor drive assembly to the cylinder block assembly.

Since a long shelf llfe for the coolers is required, an outer case is

installed over the entire cooler to prevent helium leakage. The original

outer case design was an aluminum cylinder with a bimetallic joint at each
end. The aluminum section provides for good heat rejection, while the stain-

less steel permits the outer case to be welded to the cooler. The electrical

leads are soldered to a ceramic feed-through connector contained in a stain-

less steel end cap. The end cap is welded to the motor end of the unit

making the entire cooler hermetically sealed (Figure 2a).

Physically, the only external difference between the S191 cooler and
the S192 cooler is the design of the front mounting flange. In operation,

the startup procedure for both coolers is the same; the motor is set to the

high speed, and 28V d.c. is applied to the motor. The S191 runs continuously

in this configuration. The detector temperature is controlled at a constant

82°K (-312°F) using an electrical resistor on the detector. The S192 operates

differently. Once the detector reaches 90°K (-297°F), a controller in the
experiment switches the motor to low speed and reduces the voltage simulta-

neously. The detector temperature is then controlled at approximately 92°K

(-293°F) by automatically varying the motor voltage, which varies the motor

speed and consequently the cooling capacity.

COOLER PROGRb_! BACKGROUND

In Janualy 1972, the cooler was undergoing component qualification test-

ing at the $191 contractor's facility. This qualification test was for both
the S191 and S192 coolers. A large portion of the qualification testing,

including vibration, electromagnetic interference (EMI), exposure, etc.,
had been successfully accomplished. There had been some problems with the

thermal performance of the S191 coolers earlier, but tlleS192 units were

operating satisfactorily. However, during qualification testing in a thermal
vacuum environment, the S191 cooler experienced several runs with degraded

performance and finally failed to start. At this point in time, the manu-
facturer of the cooler had gone out of business, thus it was not posslble to

procure additional coolers nor, more importantly, was there anyone available
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to conduct a failure investigation mnd perform the necessary corrective

action. The cooler program was on a very close schedule and the qualifi-
cation failure had significant impact. In order to meet the Skylab launch

date, the flight cooler had to be delivered to the experiment contractor by
June 1972.

The S192 coolers failed while in systems test at the experiment con-

tractor's facility in April 1972. The primary result of the failure was the

inability to cool the infrared detector to its required operating temperature.
Three coolers failed within a two-week period of time. For this experiment,

the flight cooler was required in July 1972, to phase into Skylab checkout
without impacting the launch schedule.

Thus, JSC faced a situation where a functioning cooler was not available

for either S191 or S192; the cooler was not qualified; and the schedule was
critical. These facts necessitated two concurrent programs.

First, JSC embarked on a cooler refurbishment program which included

additional development activities, the qualification test program, and the
delivery of the required flight hardware. Because of the exclusive nature

of the contracts between the cooler manufacturer and the experiment contrac-

tors, drawings, assembly procedures, manufacturing specification or names of

component vendors (e.g., bearing manufacturer) were not available. Further-

more, the true performance capabilities of the cooler, including the off-
nominal performance characteristics, were not available. Finally, no replace-

ment components were available for the eight coolers in this program.

: The parallel program involved the procurement of a new c_oler from an
alternate source. This new design had increased weight and electrical power

requirements; it also entailed major changes in both the S191 and S192
cooler/experiment interfaces. In view of these facts, in addition to the

Skylab budget constraints, this contracted effort was terminated as soon as
the success of the JSC refurbishment effort was demonstrated.

-7

FAILURE DESCRIPTION AND CORRECTIVE ACTION

Because the observed failure characteristics of the SI91 cooler could

have been due to several failure modes, the disassembly and inspection of the

cooler was very methodical. The ga_ pressure was measured and gas analysis

was performed. It was determined that the outer case did not have a proper
shrink fit. The initial disassembly inspection showed large quantities of
electric motor carbon brush particles. When the motor was removed, it was

discovered that the brushes were so badly worn that the lead wire inside the

brush had worn a groove in the commutator. The probable cause of the failure

was excessive brush wear. This resulted from choosing a brush which could

not provide the proper lubrication of the commutator when operating in the
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dry helium atmosphere. The cooler performance degradation (prior to the
final failure) was probably the result of contamination of the working fluid

by brush material.

The corrective action was to redesign the motor; this included the

design of a new brush which would operate properly in a helium environment.
A number of the materials in the motor were changed to materials which would

not out-gas as readily. The final corrective action was to incorporate the

necessary quality assurance provisions in the cooler assembly procedures to
preclude contamination.

When the S192 coolers were disassembled, one minor internal difference
from the S191 cooler was noted. This difference was a small part secured by

the main bearing hanger screw (see Figure 4a). Because of the manner in

which this piece was attached, an adverse moment was imparted to the main
bearings. This resulted in a premature failure of the main bearings and one

of the rod bearings; the other main and rod bearings were affected, but to a

±esser degree. This was the primary failure on all of the S!92 coolers.

Since the original function of the part in question could not be determined,
it was decided to leave the part in place, but modify the mounting fixture to

alleviate the adverse moment. The modification is shown in Fig,,re4b. The

final corrective action for the S192 _Jas to replace the original electric

motors with those which had been redesigned for S191.

REFURBISHMENT PROGRAM

The preliminary activity of the JSC refurbishment program included the

initial disassembly of a failed cooler and the determination of the physical
characteristics. Two SI91 coolers were originally delivered, a failed cooler
and a disassembled cooler. The components from the d_sassembled cooler were

used to determine the physical characteristics of the cooler components.

After an extensive study of these components, a complete set of drawings was
prepared. Since these coolers were flight items, a strict reliability and

quality assurance program had to be implemented.

Concurrent with the component evaluation, the disassembly of the failed
cooler was initiated. Since no drawings or disassembly procedures were avail-

able at this time, the disassembly of the cooler was performed very meticu-

lously. Still photographs and movies were taken of each disassembly step.

This information was used as the basis for writing both the disassembly pro-
cedure and the assembly procedure. Although drawings of the physical com-

ponents were in work, a majority of the tolerances, alignments, and materials
used were unknown. A program was initiated to determine materials used for

piston rings, sleeves, o-rlngs, and lubricants. Since the source of the ori-

ginal bearings was not kno_, an investigation was performed to determine the

availability of the required bearings. Then a program was initiated to

138

]9760]2084-]38



i
t

0

!

C

determine the type of bearing lubricant and the lubricant packing density

required for optimum operation. Regenerator flow checks were made before
and after disassembly to ensure proper reassembly. Extensive tests were

also performed on the original piston sleeves and rings. These tests

included "blow-by" tests and "pull-through" tests to evaluate the mechanical

fit of tilepistons in the cylinders.

After all of the subassembly tests and procedures had been determined,

the assembly procedures were written. These procedures contained the step-

by-step operations required to physically assemble tilecooler components and

instructions for various component level tests required prior to assembly.

Although the majority of the assembly was straightforward, several sections
were extremely critical. The most important of the areas was the block/

crankshaft assembly. The criticality of this assembly was in the bearing

alignment and the proper ring and pinion gear alignment. A fix=ure was

manufactured in-house which provided for the measurement of gear mesh, mad the

gears were then shimmed to proJide the proper tolerances.

During the co',rse of the refurbishment program, certain failures were

encountered which required component modification and are discussed below.

Outer Case.- During the installation of the first bimetallic outer case_

: it was discovered that a leak had developed at the bimetallic joint. The
remaining bimetallic cases were examined by X-ray and dye penetrant tech-

niques and found to contain flaws which were aggravated by the outer case

installation, which was a shrink fit. However, extensive thermal analyses
indicated that the heat transfer characteristics of the cooler were not

adversely affected by the use of an all stainless steel case. Therefore,
stain lass steel outer cases were manufactured at JSC for both the S191 and
S192 coolers.

End Cap.- Problems were encountered during the program with the end cap
leakage. This leakage normally occurred around the electrical connector and

was probably caused by repeated welding on the same end cap each time a cooler

was refurbished. Therefore, the task of design_ing and procuring a new type

of end cap was assigned to the S192 experiment contractor. These end caps
were procured, delivered, and used on the S192 flight coolers and the S191

flight backup cooler. TileS191 prime flight cooler was delivered with the

original end cap.

Piston Rings.- kq_en the S192 cooler was reassembled and tested, its per-

formance still would not meet the necessary requirements. Intensive examln-

ation revealed that the Rulon piston rings were out-of-round. This condition

was probably a result of the bearing failures. The corrective action for

this failure was fabrication of new piston rings. However, this requited an

extensive effort to develop a "plston-fit" test which would provide the ring
clearances necessary to achieve proper cooler performance. (The S191 flight

unit was delivered with the original rings and sleeves.)
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Low Temperature Start.- Testing of the S191 coolers revealed that a

problem did exist on low temperature starts. Although the cooler would . ..

start, the cool-down times and minimum detector temperatures achievable were

severel 7 affected on starts which were performed at case temperatures of

288°K (60°F) or lower. This behavior was attributed to the different thermal

expansion rates of the piston rings, sleeves, and cylinder walls. At the

cold temperatures, the fit of the piston rings and sleeves in the cylinder

did not provide compression. Tests indicated that if the piston rings were

sized to provide proper compression at a case temperature of 280°K (45°F),

the ring friction was excessive at the higher case temperature. Extensive

thermal analysis of the normal mission duty cycle indicated the minimum case

temperature would be approximately 293°K (67°F), thus an operational con-

straint of 292°%[ (65°F) for cooler starts was established.

FINAL ASSIMBLY AND CHECKOUT

When the assembly was complete, additional time was required to ensure

satisfactory cooler performance prior to shipment. The procedures required

after assembly, but prior to shipment of production umits, are discussed
below.

_]elium Servicing.- These procedures specified the method for charging

the cooler with helium prior to the bench and performance tests. This pro-
cedure was the same for both S191 and S192 coolers.

Bench Test.- This test provided (i) a run-in period to ensure proper
ring and sleeve and motor brush seating, (2) a cooling capacity test to deter-

mine the cool-down time required to reach 90°K (-297°F) and (3) capacity test

designed to determine the cold end temperature which could be maintained at

28V high speed, 24V high speed, and 24V low speed. In addition, the S192

bench test provided for a start with a cooler case temperature of 319°K

(IO5°F) and a simulated mission profile.

Outer Shell Installation.- This procedure was the same for both experi-

ment coolers. The procedure provided the methods for shrink fltti**g the

outer case over the cooler and electron beam welding the flange and end

cap to the outer case.

Performance Test.- After the outer shell had been installed, the helium

serviclns procedure was again performed, and the servicing tube was pinched
to provide a hermetically sealed unit. The performance test was then per-

formed. This test was essentially a repeat of the bench test, excluding the

run-ln, to verify that no cooler damage had occurred during the outer shell
installation.
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Final Acceptance Tests.- These tests were different on the S191 and S192
J

coolers because of the different design uses. The S191 test consisted of a

nominal performance test (27V high speed, 317°K (llO°F) environment), low

voltage test (26V high speed, 317_K (IIO°F) environment), and a vibration test

to determine the maximum displacement of the cold end during operation. The

S192 acceptance test consisted of a nominal performance test (28.5V high speed

start with a switch to 24V low speed at 90°K (-297_F) while maintaining a 297°K

(75°F) environment), a high temperature-low voltage test (27.5V high speed start

_ith a switch to 24V low speed at 90°K (-297°F) while maintaining a 314°K (lOS°F)

environment), a low temperature-low voltage test (27.5V high speed start with a

_wltch to 24V low speed at 90°K (-297°F) while maintaining a 286°K (55°F) en-
vironment and a cold end self-induced vibration test.

THERMAL QUALIFICATION TEST PROGRAM

The qualification test for the S191 coolers was performed at JSC White

Sands Test Facility. The test was performed with the cooler installed in the

S191 spectrometer. The test profile included temperature and voltage limits,

minimum restart time, and nominal and off-limit mission duty cycles. The

cooler performance for each of the tests was satisfactory except for the low

temperature start. Although the cooler did start and cool down to the pre-

scribed temperature at a case temperature of 288°K (60°F), the time required

to achieve the operating temperature of 90°K (-297°F) was excessive. However,

as previously mentioned, an operational constraint was imposed to reflect a

minimum case temperature of 292CK (65°F); the retest for this condition was

succesrfully accomplished. Since the operational conditions for the S191 were

more severe than the S192, the qualification for the latter was by similiarlty

except for one test sequence. The low speed, high case temperature 314°K

(iOS°F) condition was _n with a simulated S192 experiment interface (i.e.,

heat pipe). This sequence completed the qualification testing for S192.

FLIGHT APPLICATION

During the cooler refurbishment program, seven coolers were completely

rebuilt a total of thirteen times. This included the three flight qualified

coolers, two backup flight units, qualification unit, design evaluation test

unit, life test cooler, and coolers for other types of test activities. For

flight, the S191 had a primary flight unit and one backup cooler. The 5192

experiment had two flight units, a primary and a spare _lich the crew could

change; S192 also had a backup flight cooler. The S192 had a signal noise

problem, so the backup cooler was taken up and installed by the crew of

Skylab IV. The flight performance of all the coolers was excellent.

141

?

"...............-[..................................z--................"T.................T........"- ....'l ..........................................]...........-...........................
i

1976012084-141



! "/

I h

I I0

The S191 cooler had a problem during the early phases of the first

; Skylab mlssion. The problem was directly re!ated to the loss of the solar .

i cell panel on Skylab I. The temperature of the Multiple Docking Adapter
(MDA), which contained the EREP, decreased significantly below its nominal

! operating temperature. This temperature reduction occurred because the heat

dissipated from the EREP electrcnlcs and other subsystems was not available

_ due to the reduced electrical power. A procedure w_q developed in real time

-_ to increase the cooler temperature; the uni. then functioned properly. With

; , the installation of the Skylab parasol, electrical power became available

for operation of subsystems in the MDA. This increased the temperature in
f

the MDA,'and consequently, brought the cooler case and temperatures to its

proper level. No further problems were encountered until the last 15 minutes

_- of the S191 mission_ at this point, the cooler performance started to degrade.

The S191 was able to complete its mission, _ven with the degraded performance.

Since the qualification design life of the cooler had been exceeded, the per-

! formance was considered out of specification, but not a failure.

The S192 primary cooler performed with no anomalies throughout its

flig_,t life. As mentioned previously, due to a signal noise problem, the

backup cooler with a detector of a new design was installed by the Skylab IV

crew. This eliminated the signal noise problem, which indicated that the

source of the noise was not inherent in the cooler design. The backup cooler

operated satisfactorily for the remainder of the mission.
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11. SKYLAB TRASH AIRLOCK*

By Larry R. Price

McDonnell Douglas Astronautics Company

SUMMARY

The Skylab Trash Airlock (TAL) was used througho_'* the Skylab mission
to transfer trash materials that could support microbial _rowth from the
pressurized cabin to the unpressurized waste tank. The TAL, which uses
several basic mechanisms, was successfully operated daily for the 170 days
of manned missions for a total of 637 cycles.

TRASH MANAGEMENT APPROACH

Trash management for Skylabwas a challenging pro'blem. The expected
trash volume from three crewmen for a total of 140 days (actual duration of
manned mission was approximately 170 days) was predicted to be 36.8 m 3
(1300 cubic feet). This volume was more than could be conveniently stored
in the cabin. Also, much of this trash (wet -wipes, food containers, urine,
etc. ) could support microbial growth that could be a health hazard. In
addition, to avoid contamination of experiments and minimize general pollu-
tion of space, trash could not be ejected into the spacecraft environment.

The resulting approach was to collect trash in bags at specified locations
in the cabin. Trash was categorized and collected separately as biologically
active or not biologically active. At appropriate times, usually daily, the
biologically inactive trash bags were transferred to storage areas within the
pressurized volume, and the biologically active trash was transferrcd to an
unpressurized aft portion of the Orbital Workshop identified as the waste
tank. This tank was internally screened and vented so that only vapor would
escape from the Spacecraft. The general configuration is shown in Figure 1.

This approach required a highly reliable device that would allow
convenient and safe transfer of biologically active trash in closed but vented
bags from the pressurized cabin at 34. 5 kPa (5 psi) to the unpressurized
waste tank at a pressure ¢ff less than 0. 607 kPa (0. 088 psi).

The device designed and developed to meet those requirements was the
Trash Airiock Assembly, McDonnell Douglas Astronautics Company part
number IB81491-1. The airlockis mounted on the bulkhead between the cabin

and the waste tank at" the centerline of the spacecraft. Figure 2 shows the
TAL installed in the Skylab in its launch configuration.

"ThisworkdoneunaerthesponsmshipofNASA'sMarshallSpaceFlightCenterandJohnsonSpaceCenter,C,::ltractNAS9-6555
NASA'sU.S.PatentNo.3,807,656ontheSkylabTrashAirlock=savailableforhcensmgunderNASAP.,t, ,; '.=censmgRagul=e
t=ons14CFR1245.2bywrltlnyPatentCounsel,GeorgeC.MarshallSpaceFlightCenter,Alabama3581?
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Figure 1. Trash DisposalSubsystem

F_gure2. Launch Configurat=on Trash A=rlock
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GENERAL DESCRIPTION AND OPERATION "

The trash disposal airlock assembly is a pass-through chamber built
into the waste tank common bulkhead and extending through the floor into
the cabin. Each side of the chamber is equipped with a hatch, forming an
airlock (Figure 3). The airlock is equipped with a pressurization valve
that ports the airlock to either the cabin or the waste tank, as required.
On orbit, the trash disposal airlock is normally vented to the waste tank.
The airlock body is spherical, approximately 610 mm (Z4 inches) in diam-
eter, and has a pressure gage for viewing by the crew. It is equipped
with a mechanical ejector to transfer the waste material to the waste tank.
The functional steps of the operation cycle of trash disposal from the
habitation area are as follows (see Figure 4):

1. Valve/outer door handle-pressure 34.5 kPa (5 psi) (verify).

Z. Lid-unlock and open.

3. Insert trash [_ag.

4. Lid-close and lock.

5. Valve/outer door handle-close and veut [verify 3.45 kPa
(0. s psi)].

6. Valve/outer door handle-open.

7. Ejector handle--eject return to close.

8. Valve/ouler door handle-close and vent.

9. Ejector handle- retract.

DESCRIPTION

The trash airlock is made up of the assemblies described below.

Lid Assembly (Figures 5 and 6)

The aluminum lid subassembly is the inboard door. it is a simple two-
hinge door with a third friction hinge to maintain the lid in the open position.
The lid contains a metal gasket with molded rubber seals on the top and
bottom, which is removable and may be replaced with an on-orbit spare.
The lid subassembly also houses the ejector mechanism.
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Figure5. Lid and Ejector
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Figure6. TrashAirlock Details
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Trash Ejector Mechanism (Figure 5)

The trash ejector mechanism is a rigid scissors extension device
operated by a crank arm with an overall mechan_.cal advantage of 0.5.
The mechanism is equipped with an ejection plate that pushes the trash
bag into the waste tank when the ejection handle is raised. The ejector
and scissors links are aluminum.

Sphere Assembly (Figure 6)

The aluminum sphere asse:nbly is a weldment that serves as the pres-
sure vessel and basic mounting structure for the mechanical system, which
makes up the trash disposal operating system. The sphere itself is com-
posed of six welded parts. The welds are made on an automatically
programmed welding me.chine.

Cylinder Assembly (Figure 5)

The alumir:am cylinder assembly is the compartment into which the trasn
bag is inserted before ejection into the waste tank. It is a smooth-walled
cylinder 351.0 mm (13.81 inches) in diameter and approximately 559.0 rnm
(ZZ inches) long. Three steel pegs at the inboard circumference of the
cylinder at 120 degrees hold the bag away from the outer door during opening.

Outer Door Assembly (Figure 7_

The aluminum outer door or "eyelid" forms the seal bet_,een the cabin
environment and the waste tank vacuum when trash is being inserted into the
airlock cylinder. Its seal is molded into the eyelid and cannot be replaced
on-orbit. The eyelid is operated by the valve/outer door handle through a
combination cam, crank, and over-center device that first retracts the
eyelid 10. _ mm (0.4 inch) and then rotates the door on the inside of the
airlock to clear the ejection port.

Valve/Outer Door Operator (Figures 8 and 9)

The door operator is a crank handle that operates both the valve and the
outer door by direct attachment to the valve spool and by a c_rn and cr--nk
mechanism to the outer door operator. The parts are stainless steel.

Pressurization Valve Assembly (Figure 10)

The valve is a two-way, two-position valve using a ro_ _ting cylinder
with O-rings to open and close ports. When _he valve/out • door handle is
in the PRESS position, the airlock is ported to the cabin. When the valve/
outer door handle is in the VENT position, the airlock is ported to the waste
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Figure 9. Door Lift Mecharl=sm (Without Door)

Figure 10, Operationll Trash Airlock
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([ tank. When the valve/outer door handle is rotated to the OPEN position, the
airlock is still ported to the waste tank. although partially closed relative to
the VENT position. The valve metal parts are stainless steel.

Absolute Pressure Gage (Figure I0)

The absolute pressure gale contains a bourdon tube pressure sensor
housed in a sealed stainless steel container evacuated to provide ",he refer-
ence vacuum. The bourdon tube drives the needle through an amplifying
linkage mechanism. The gage reads from zero to 103.4 kPa (15 psi) but will
take pressures up to 310_ Z kPa (45 psi) without degradation. The gage indi-
cates when the airlock has completed pressurizatioa or depressurization
The gage may also be used for trouble shooting for leaks by indicating pres-
sure decay or vacuum degradation.

Lid Lock (Figures 6, 8, and 10)

The stainless steel lid lock is an over-center cam device with a large
mechanical advantage. It performs the following:

1. Unlatches the lid, making it possible to raise the lid for inserting
trash.

2. Provides an over-center latch to compress the lid seal to ensure a
pressure seal when tl _ airlock is exposed to the waste tank vacuum.
Cabin pressure aids in compressing the seal further when the air-
lock is depressurized.

DESIGN FEATURES

The trash airlock is designed to perform normally in the 34.5 kPa
(5 psi) cabin environment. Its life is based on five operations a day for
140 days at cabin ambient temperatures. Its proof pressure is _pproxi-
mately 68.9 kPa (1O psi) differential ana is capable of withstanding a
launch malfunction differential pressure of 179.2 kPa (26 psi) in either
direction without damage.

The TAL includes the following safety interlocks:

I. Lid Lock-to-Valve/O_ter Door Handle (Figure 3) -- The valve/outer
door handle must be in the PRESS position before the lid lock can be
unlocked. This prevents opening the lid with the valve in the VENT
position or with the outer door open.

2. Lid-to-Lid Lock (Figure 5) - The lid must be ;losed before the lid
lock can be retracted. This prevents closing the lid lock with the
lid open, which would allow overricting the lid lock-to-valve/outer
door interlock.
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3. Ejector Handle-to-Lid Lock (Figure 3)- The ejector must be
retracted before the lid lock cz_n be unlocked. This prevents
unlocking and opening the lid with the ejector extended.

The following summarizes other signlficant features.

1. Total Gas Volume: 0. 1218 n_ 3 (4.3 ft3).

g. Transfer Tube Size: 350 mm (13.8 inches).

3. Trash Capacity: 350 mm dia. by457 rnm (13.8 inches dia. by
18 inches).

4. Overall Size: See Figure 11.

5. Weight: 71.7 Kgm (158 Ib).

6. Microbial Control: May be evacuated between operations.

FLIGHT EXPERIENCE

The trash airlock was used successfully throughout the three missions.
Although there were no malfunctions of the airlock, there were several
operational difficulties that were successfully resolved. Figure 12 shows
astronaut Gerald Carr operating the TAL in space.

There were two incidents of near jamming, which were attributed to
overfilled trash bags. Further problems were avoided by better control of
trash combinations during disposal.

It was noted during the iirst manned missiot_ that the valve handle could
be iuadvertently kicked into or left in an intermed,ate position between the
pressurize and vent positions, which caused a cabin atmosphere leakage of
as much as 1.5 Kgm/hr (3.3 lb/hr). This problem was overcome by strap-
ping the handle in the PRESS position between operations.

During the second mant,_d mission, an operating characteristic of the
airlock was highlighted. The manual force required to squeeze the lid during
the initial portion of the latching operation is high. This high force charac-
teristic is more significant in weightlessness because body restraint is
difficult. It was found that the high force of latching could be overcome by
proper technique or use of two crewmen.

Although the trash airlock was used to approximately 80% of the expected
on-orbit operation with no malfunction, there are two improvements recom-
mended for future use. First, a detent device should be added to the valve

handle to positively maintain the valve handle in the PRESS or VENT positions
between operations. Second, the squeeze force during latching should be re-

duced. This could be done by refining the h_nge gap adjustment by shimming
or changing to a softer rubber for the lid se_A.
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12. k PRECISION SIX-METER DEPLOYABLE BOOM FC,R THE

MARINER-VENUS-MERCURY '73 MAGNETOMETER EXPERIMENT

By llarry F. Burdick

Goddard Space Flight Center

SUM_L_RY

A unique deployable boom has been developed for accurately posi-
tioning magnetometers 6 meters (19.7 feet) from a spacecraft.
Position accuracy within ± _o can be maintained. Weight, mounting
system, magnetic cleanliness, thermal dimensional stability, and
natural frequency were critical constraints that were met. The
boom was flown on Mariner 10 and deployed flawlessly. Tne design,
development, and testing of the boom and optical alignment of the
sensorsare described. Design trades and problem solutions are
discussed.

INTRODUCTION

A Goddard Space Flight Center Magnetic Fields Experiment was one
of the science instruments on the Mariner I0 (Mariner-Venus-Mer-

cury '73) mission launched November 3, 1973. This experiment was
designed to measure the magnetic fields in interplanetary spac(

and during Venus and Mercury encounters. Since the Mariner type
spacecraft was not designed to be magnetically clean, the effect

of the spacecraft field had to be determined. This was accom-
plished by providing a 6 meter (19.7 foot) long deployable boom
that would place three orthogonal fluxgate sensors seven meters
from the spacecraft Z axis and a second set of sensors 4.5
meters (14.7 feet) from this axis.

Unique design restraints were imposed by spacecraft and experiment

considerations. The length of the boom whe:_ folded about its two
hinged joints for launch was 3 meters (9.8 feet). This length
precluded end restraint using the spacecraft structure. End tle-
down was obtained by latching to the solar ar_'ay tip tie via a
swivel fitting and tie rod. The lack of rigid restraint of this
end and the large excursions of the solar panel during ascent
imposed high dynamic loads on the boom and sensors. In addition,
possible dynamic interactions of a long boom with the Mariner
three-axis stabilization system required a minimum natural fre-
quency of 0.57 Hz.
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Some significant design requirements of the boom are listed be-
low.

1. Deploy an outboard magnetometer package to a maximum practi-
cal distance (> 6m ) (19.7 ft ) from the Z axis.

2. The outboard magnetometer axes should be known throughout the
mission within _½o with respect to the spacecraft axes.

3. Deploy a secondmagnetometer package inboard of the first by
approximately 2m (16.6 ft ). The axes should be wlthlm
±_o of the first package.

4. The natural frequency of the supporting boom should be 0.57
Hz minimum.

5. The temperature range of the sensors must be controlled.

6. The supporting boom must be compatible with the spacecraft
and launch vehicle constraints.

7. Nonmagnetic materials shall be used wherever possible.

DESIGN FEATURES

A. Deployment Sequence

The boom in the prelaunch configuration is folded ,_out its two
hinged joints. One hinge (inboard hinge) is atta Led to an out-

rigger on the spacecraft body. The cther hinge (outboard hinge)

joins the two tubular boom sections. Figure I illustrates the
deployment sequence.

Simultaneously with release of the two spacecraft solar panels,
the tie rod on the outboard hinge is released. The first stage
of deployment takes place with the two boom elements latched to-
gether rotating through an angle of 106 ° • At completion of that
phase, lockup of the inboard hinge takes place and the outboard

: element is released by a seq_enclng mechanism which is incorpor-

ated in the inboard hinge. The outboard element ahen swings
through an angle of 180 v and locks in place to complete the de-
ployment. All mechanical functions were monitored by switches.

: 162
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B. Deployment Mechanisms

Energy for boom deployment was provided by individual constant
torque spring motors at each hinge. Figure 2 illustrates the
torque spring configuration on the inboard hinge. A spool which
is free to rotate on its axis is mounted to the nonrotating hinge

half. A spring that is prestressed in the heat treatment process,
such that it desires to coil up on this drum, applies torque to a

spool fixed to the boom element. This spool is centered over the
hinge pinand mounted to the rotating hinge half, thus the torque
is applied to deploying the boom.

Detent mechanisms latched the hinges in the deployed position to

provide the required boom alignment and stiffness. The outboard
hinge detent mechanism is shown in Figure 3 in the stowed posi-

tion. This hinge deploys through 180 °. Stops machined into each
hinge half determine the deployment angle and absorb the impact
loads. A spring-driven tapered detent pin drops into a tapered

hole to solidly latch the hinge. The hole and pin are angularly
displaced _o at lockup so that the tapered pin rests on one side

of the tapered hole and acts as a wedge driving the hinge stops
together so that there is no play.

The sequencing mechanism that phased the deployment so that the
two hinges opened sequentially is shown in the prelaunch position

in Figure 4. A saddle located at the tip of the outboard boom
section is locked to the inboard hinge by two sequencing pins.

, Completion of inboard hinge deployment allows the detent pin to
drop into the hole, simultaneously wlthdrawing the trapezoidal-

shaped wedge and releasing the spring-loaded sequencing pins so
that they are withdrawn from the holes in the saddle. The saddle

and outboard boom sections are then free to move away under the
torque generated at the outboard hinge.

STRUCTURE

The structur_l design of the boom tubes was complicated by a com-
bination of design requirements--strength (imposed by the launch

environment), stiffness and weight (imposeo by the spacecraft sta-
bilization system), nonmagnetism (imposed by e_periment), and
straightness under solar heating (imposed by experiment axis ori-

entation requirements and spacecraft trajectory. A graphite/
epoxy composite material was selected as the best candidate ma-

terial to meet these requirements. It exceeded the strength and
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stiffness of aluminum with approximately one-half the weight, and

had a near zero coefficient of expansion. This latter property
eliminates the problem of thermal bending from being a serious
concern. After completion of desiRn trades, the design that
evolved was a 38-mm (1.49-in) diameter tube with a 1.8-mm (0.07-
in ) wall having six longitudinal plies of high strength/low
modulus graphite/epoxy anJ six radial plies of a synthetic fiber/
epoxy.

Titanium fittings were bonded to the boom tubes for attachment of

the magnetometers and hinges. Titanium was selected over aluml-

num and magnesium primarily because its lower coefficient of ex-

pansion creates less stress on the bond. The hinge structural
parts were machined from solid blocks of aluminum to shapes re-
sembling I beams with cross web stiffness.

In the prelaunch configuration, the boom tubes are preloaded by
spacers located approximately 1 m (3.28 ft ) from each end. This
load is applied when the saddle (Figure 4) is latched by the
sequencing mechanism. The saddle, in addition to applying the
preload, also acts as a torsion restraint on the outboard boom
section. The preload prevented relative motion between the tubes
during vibration and increased stiffness of the boom assembly.

DYNAMIC S

A. Deployment

Deployment parameters as calculated during the design phase are
shown in Figure 5. For a given mass distribution and deployment
angle the only independent variable is the deployment spring motor
torque. The table (Figure 5) shows some of the parameters gen-
erated for a family of spring net torque values. The upper half
of the table represents inboard hinge deployment and the lower
half is the outboard hinge deployment. A net torque of 2.26 N.m
(20 in-lb) w_s the upper limit becnu_e the resulting bending
moment generated at the hinge was close to the design limit load.
Any net positive torque would be sufficient to assure deployment.
Component tests indicated the resistive torques, due to friction
in the hinges and flexing of the electric cable service loop at
the hinges, could vary from about 0.34 N.m (3 in-lb) to 0.79 N.m
(7 in-lb) depending on deployment angle and temperature. The
springs selected for flight were 1.69 N.m (15 in-lb) for the in-
board hinge and 1.13 N.m (i0 in-lb) for the outboard hinge.
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Fifty percent higher torque springs were used for an overtest of
the prototype. The maximum estimated net torque for this test
was less than 2.26 Nom (20 in-lb).

B. Natural Frequency

The requirement that the deployed boom have a minimum natural fre-
quency of 0.57 Hz proved to be the most troublesome of the design
requirements. Design trades were made to maximize strength at a
sacrifice in the margin of safety of predicted stiffness.

During the development, some unanticipated structural weight was
added to the magnetometer packages and to the thermal blankets.
This resulted in an adverse reduction of the natural frequency
to 0.50 Hz.

A systematic weight reduction effort was initiated in order to
raise the natural frequency. A NASTRAN model of the boom was
utilized to determine the effect of the various options and com-
binations of options on the boom natural frequency.

The computer model proved to be responsive to load changes simi-
lar to the actual system and was very useful in selecting the
weight reduction options to be implemented. Figure 6 shows the
results of several tans. For successive runs, the weight reduc-
tion was cumulative. Run Numbers 013 and 014 represent reduced
thermal material weights. Run Numbers 015 and 016 represent pro-
posed redesign of the experiment packages to reduce their size
and weight. Run Number 017 is a proposed structural modification
to the boom that was not implemented because the weight reduction
was adequate to meet the requirement. The final flight unit had
a frequency of 0.61Hz and a weight of 8.1 kg (17.8 lbs ).
It should be noted here that the frequency variations we were
looking for were in the second decimal place of frequency. The
inability to model the true system precisely enough to get this
second decimal place of frequency to coincide with the absolute
value obtained empirically did not seriously degrade the useful-
ness of the model in selecting _he modifications to be implemented.

TESTING

A. Static

Static load tests were conducted on structural components such as
the hinges and boom tubes to verify that they met design load
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requirements. Each tube was fabricated with extra length to be
cut off for test specimens. The specimens were tested to failure.
These tests verified uniformity in the graphite/epoxy composite
tube fabrication process.

B. Vibration

All of the vibration testing of the boom was done on the space-
craft. Thecomplexlties of the system, with mounting interfaces
at each end of the folded boom having different input loads and
frequencies simultaneously, made realistic testing off the space-
craft virtually impossible. The first test was conducted on an
instrtunented boom with mass models simulating the magnetometer
packages and thermal control system. Component test specifica-
tions were generated from this test for the magnetometer packages
and sun shades so that they could be tested prior to being in-
stalled on the boom. Two complete boom assembl_es (the prototype
and flight unit) with m_gnetometers were also tested on the space-
craft.

C. Deployment

Boom deployment tests were conducted under simulated "zero-G" con-

ditions. The boom was supported in a horizontal position by over-
head cables attached to the center of gravity of each boom seg-
ment. The cables were runover pulleys and counterweighte_. Two
setups were required for each full deployment, one to test the
primary hinge deployment and the other to test the secondary,
so that the overhead support point was directly above the deploy- :.
Ing hinge. The second setup permitted an overlap of the two

: tests in that dynamic loads incurred during lock-in of the pri-
mary hinge were repeated. The location of the support cables
over the outboard hinge created a lateral force component on
the boom during the overlap portion of the test. The lock-ln
velocity was duplicated by releasing the boom from a posltior.
between the stowed position and inboard hinge lock-up position
that gave the same boom velocity just prior to inboard hinge
lock-up as that obtained with the first setup.

A functional check of the hinge mechanisms was performed follo_....
ing each boom vibration test by conducting a restrained "walk.
out" deployment. During the first test, the sequencing piL_ faile¢

L

to withdraw from the holes in the saddle _Figure 4) preventir_ r_-
lease of the outboard boom section. Upon inspection, galling .,_..s
noticed at the tip of the sequencing pins. In order to correct
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the problem, the tip of the pins was changed from a truncated

con..cal shape to a spherical shape, This modification prevented

reoccurrence of the galling and there were no malfunctions during
subsequent tests.

Low temperature deployment tests were conducted with the hinges
and flexing cable service loops cooled by supplying liquid nitro-

gen to a thermal encasement that was removed when the desired tem-
perature was obtained and deployment then commenced.

Strain gauges were installed on the hinges at the same locations
that were monitored in the static load tests for the first series

of deployment tests. These tests verified that the deployment
loads did not exceed the calculated loads (Figure 5).

D. Natural Frequency

Measurement of the boom's natural frequency was performed in a
test configuration simiJar to that used for deployment. The over-
head support points were directly above the center of gravity of
each boom segment. The inboard hinge was attached to a very
heavy, rigid fixture. An optical tracking system monitored the
tip of the boom. A voltage proportional to displacement was
recorded on an oscillograph alon_ with a precise 1Hz reference
signal. The boom was displaced and tip motion was recorded as it
decayed from about 3 cm zero-to-peak (1.17 in) to less than 0.2
cm (0.79 in). The pendulum effect of _he 23-m (75.5-ft) over-
head support lines would tend to increase the frequency by about
0.01Hz; this was subtracted to obtain the true zero-G natural
frequency. The test was performed in two orthogonal planes -
one in the plane of deployment.

The first boom assembly was also tested by a second method. The

natural frequency was computed as the root mean square of two
measurements taken with the boom mounted vertically - one with
the tip up, and the other, tip dow_. It can be shown mathemati-

cally that this method's results is the zero-G frequency. It was
found zn this test that there were two uncoupled directions of

oscillation. These were the two planes in which the horizontdl
tests were run. The test results for each plane were within
0.005 Hz for the horizontal and vertical test method.
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ALIGNMENT

In order to meet the magnetometer axis alignment requirements_it
was necessary to measure and/or sinralate the boom curvature (de-
viations from its theoretical axis) that would occur in a zero-G
field. Boom deviations in a horizontal plane were measured while
the assembly was supported by floats in pans of water so that the

_ boom was level and free to move horizontally. Measurements of
_ curv_,tur__ere made utilizing a theodolite that we_ collimated to

i a mirror which was coplanar to the boom-to-spacecraft mounting
interface and perpendicular to the boom axis. The boom was then
rotated 90 degrees and leveled. Straightness was measured again.
The data obtained was a use_:l approximation of the zero-G curva-
ture.

The magnetometer packages were then installed for alignment as
shown in Figure 7. The supporting floats were adjusted in height
so that the boom was forced into a curvature in a vertical plane
w_Lich duplicated that shape previously measured. The boom was
again free to move horizontally. A three dimensional curvaturer

approximating that which would occur in a zero-G field was ob-
tained. D.._optical alignment fixture was then _nstalled on the
magnetometer sensor packages. Alignment adjustments were made
and checked using the theodolite.

i ?

i

CONCLUDING REMARKS

A deployable boom has been developed for positioning magnetometer
sensors at a distance of 6m (19.7 ft ) from a spacecraft. Use
of nonmagnetic constant torque spring motors at each of the two
hinges produces c_atrolled and reliable deployment forces. A se-
quencing mechanism provides an orderly unfolding motion. Spring

i driven pins are used to keep the hinges tightly locked after de-
: plc,-_ent. Each critical mechanical function is monitored by a

switch so that its status can be determined through telemetry.
_ The boom was flown with complete success on the Mariner I0 mis-

slon.
2
i
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_uestions and Answers Pertainin_ to

Mr. Burdick's Paper (#12) Given at

9_h Aerospace Mechanisms Symposium

QUESTION - Member of the audience from the Boeing Company

What sort of force margins did you attempt to maintain; that
is, how much did the force available for the deployment ex-
ceed the spring torque'i

ANSWER

The resiE_:ance torques as measured at the component level
with a hinge and cable in a cold box varied between 3 and
7 in./Ib, depending upon temperature. The lo:,erthe tempera-
ture, the more the torque, that was for the inboard hinge
which had the 15 il../ib, springs. There was a s_aller cable
with less resistance at the outboard hinge.

QUESTION - Member of the audience

How w_e the bearings lubricated?

ANSWER

There were no ball bearings, just hinge pins in close toler-
ance holes and _ Jlng c_Itact lubricated with molybdenum
disulfide.

QUESTION - George Sandor, RPI

Which modifica_ ion of the sequencing pins helped - the
stronger springs or the rounded point? Were they tested
separately?
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ANSWER
¢

No, the rounded point, I am quite sure, is the one that
eliminated the galling and that in itself may have done the

job, but increasing the spri_ig force gave an e_tra margin of
safety, p_rticularly if there were side loads on it. I
didn't mention, but also, these sequencing pins and that
saddle had to absorb the torsional vibration Ic_ds of the
boom so it also served that function as a structural member

as ..:el!as a sequencing system.

QUESTION - Gilbert
J

How were the hinged _i- ;s protected from the sun - a
bellows arrangement?

AN.Sk_R

The inboard hinge was protected with coating._',you can look
at Lhat on the _ble in the rear. The spacecraft did pro-
vide sc_e protection for the inboard hinge. The outboard

hinge was com_ietely in full time sunlight, that had a flex-
" ibl_ sunsh_ "_.which included the same nm.ter_als we used in

our thermal oianket's outer layer (silver te_!on coated
o_tcz "7e'_ , and it was foldable.

: QUESTL_.q -Giibert

Was it wrapped around the hinge?

ANSWER

No, it was a flat piece held by bracketry and a frame at
each end, but no framework longitudinally; it was just

folded up like a sheet of paper.

170

I

1976012084-169



\

+Z \ MICROSWITCH/

2 IdICROS.WITGHES '_
/

• i/\ .. s

Ytguzt 1. i)eploynent 8eq.ence

INBOARD _LANelE
BOOM

f
1

+

+

Ftgure 2. To_'que Spring

O_IGINAL PAGg L$
ov poor QUALI_

2.

I

]9760]2084-]70



," P I

J i

-,

;

l'- o

(,

\ ,
SPACECRAFT--_
ATTACH \
FITTING '_ J

-_l---

Figure 3. Detent Mechanism Outboard Hinge

F

,ADDLE
SEQUENCING PIN

_ LOCK-IN INDICATOR SWITCH

._.

•._ )--I

,_-- DETENT, _
1 INITIAL MOTION

Figure 4. Sequencing Mechanism Inboard Hinge

172

• , j

1976012084-171



! !

q

%

k

0

¢

I SEC. !VELOCI_IMAXI_I _IN-LB)J'

NET DEPL)¥_NI DSP_Y_NT AT BENDI_ I TIP

_SE TORQUE _G_ TIME _CKUP MOUNT IDEFLECTION
NO N.m _IN-LB_ DEG. _D/SE C N.m Cm.

la 0.56 (5.0) 106.5 12.22 ..304 114 (1006) 7.2

Ib 1,13 (I0.0) 106.5 8.64 0.430 161 (1422) 10.2
B z

3 le 1,41 (12.5) 106.5 I 7.73 0.481 180 (1590) 11.4

id 1,69 (15.0) 106.5 1 7.06 0.527 197 (1743) 12.4
le 1.98 (17.5_ 106.5 6.53 0.569 213 (1881) 13.4D

if 2.26 (20.0) 106.5 6.11 0.608 227 (2010) 14.4

2a 0.56 (5.0) 180.0 7.06 0.598 102 (906) 30.1

iT 2b 0.85 (7.5) 180.0 6.34 0.701 ]20 (1062) 36.0

B 2c 1.13 (i0.0 180.0 5.82 0,790 135 (1196) 40.6
O

2d 1.41 (12.5) 180.0 5.43 0.871 149 (_320) 44.7

IR 2e 1.69 (15.0) 180.0 5.10 0.945 162 (1432) 48.6
D

2f 2.26 (20.0)I 180.0 _.62 1.077 184 (1632) 55.3

Figure 5. _M '73 Magnetometer Boom Calculated
Deployment Data

iITOTAL*

I Kg.m2 . CUMI'LA"rlVE
RUN NO. N(Hz) W kK (LBS) C.G. m (IN) (SLUG-FTz) WEIGHT REDUCTION

099 .52 9.06 (19.98) 3.55 (139.6) ! I&1.24 --

, I(I0''17)'

013 .526 _.82 (19.45) 3.55 (139.8) 137.74 Removed .18 kg_(.4 Ib) &s NSMI
(101.59) up to O,B. Meg2.,reduced O.B.

Mag_ by .05 kg (,I Ib) and I B.

I ] Me, by .02 k8 (.05 ib)

016, .539 8.40 (18.53) 3.53 (139.85)i _31.33 Removed .30 k8 (._6 Ib) as NSM
t

%_6.86_ up to end, reduced O.b. Hag.
by .07 kg (.15 Ib,_ end T.B. Mag.
by .05 kg (.I0 Ib)

i ....

015 .60; 7.65 (16.87) 3.37 (132.68) 108.bO Reduced O.B. Mag. by .61 kg
(80.]0) (1.35 ib), X.B. Snuobers re-

duced .02 kg (.05 lb ea), O.B.
_Cnubl.ers reduced .65 kg (.1 lb ea)

016 .618 7.17 (15.80) 3.37 (132.53) 102.98 Reduced I.B. Meg by .48 k8 .
(75.95) (1.063 Ib)

017 .864 8.14 (17.95) 3.19 (125.67) 108.95 Same as 0!6 excepL wtth
(80.36) s_Iffeners

*Taken about inboard hinge pivot. 1. Non-Structural Mass _'
2. Outboa, d Magnet_eter
3. Inboard Magnetometer

Figure 6. Results of NAS_LAN Model Runs
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13. DISPERSION DEVELGPMEN'F PROGtL%M

N76- 19185
D. J. Carlson, R. J. Lusardi and \V° It. Phillil). ¢

Chrysler Corporation
Defense Division

Work Sponsored By:

Army Material Command
Picatinny Arseual
Contract: DAAA21-72-C-0030

SUMMARY

The requirement for the predictable dispersion of small munitions over large areas

from ground support missile systems has resulted in the development of a fin stabil-

ized submissile and "sling" ejectio,_ system fc,_ the Little John warhead. The pro-

gressive development of this system is traced h_cluding a comparison of simulator,

sled test, and flight test results. The re_lts indicate that it is not only necessary

but also possible to eject long slender bodies, from a missile warhead at Mach 1, in

a stable, uniform and predict,_le manner.

IN'_."I{(Ji::__(_'i ION

The Little John warhead was selected as a test b,._,4for this development because of its

availability and scaling factor relationship between submissile, munihon, and missile

when compared to larger missile systems (suet, _,s l.:mce). To maintair, development

cost at a minimum, the aft section only of the warh_ was st-" cted [or packaging of

the submissiles. By modifying tae aft bu!khe_*d i: was possible tohave _. cylindrical

cargo bay 76.2 cm long by 30.48 cmm diameter. Packa_;.ng of two sizes of sub-

assemblies carrying munitions with a 3.96 cm 4iam,:ter was &sir:_ble. Therefore,

submissiles contahLtug four (4) munitions and one (l) munitiou in cross se:'tlo_ were

selected for development. This resulted in submissiles with equivalei_t len_;th tu

diameter (L/D) ratios of 8 and 16 respectively. Vig_re 1 illustrate_ ti',L_Little J:)hn

warhead with the s,_bm :sslles in the "aft cargo bay.

The cargo is ejected from the warhead at event by the "sling" action _,mt.rated xChen

the two skin panels separate pulling the "slin_ " taut, Figure 2 iIlustl'ates this

technique.
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Once the preliminary submtssile packaging envelope was defined, the design of the

submtssile was undertaken based upon design criter_ : denerated from prior develou-

merit programs involving other missile and aircraft dispenser systems. The develop-

ment process included an aerodynamic analysis to define the ballistic characteristics

of the two submissiles to obtain uniform ballistic characteristics and to define the fin

size to provide a stable body over the flight environment design criteria specified. In

addition to the aerodynamics of the submissile after it was in the air stream, it was

necessary to predict its characteristics when ejected from the warhead with a sling

system. Scaled simulator test_ were conducted to investigate various ejection tech-

niques p:ior to high speed {Mach 1) sled tests at the Naval Weapons Center (NWC).

After the ejection technique and submissile dynamics were verified by sled tests, full

scale flight tests were conducted at White Sands Missile Range (WSMR).

Design Criteria

Systems requirements for the design were for the sabmissile to survive warhead event

at Mach 1.5. The submissile was to withstand the loads imposed should it see a 90 °

angle of attack and axial forces of 80 gVs as defined by the Little John system during

launch.

Submissile fin deployment was desirable in less than 40 milliseconds to prevent the

submissile from tumbling through one (1) revolution prior to stable flight should it see

high pitch rates at ejection. Tumbling is not conducive to repeatable characteristics

over the various flight region anticipated.

Submissile Design

As mentioned earlier the submissile envelopes were defined by the missile cargo

bay and the munition diameter. The use of a submissile containing four (4) munitions

in cross section (quad submissile) resulted in a basic square body configuration and

because of the requirement for an explosive release technique for the munitions,

the single cross section submissile was also designed as a square body. The ,_ub-

missiles were 8.44 cm and 4.33 cm in cross section for the quad and single sub-

missiles, respectively. The requircm_'nt for rapidly opening fins dictated mor_ torque

than available from conventional springs which could be packaged within the available

space. Therefore, a high to:que torsion mechamsm was designed which increased

the c _ning torque by a factor oK 6 over springs.
I
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Sizing of the fins for the submissiles was based on the results of an aerodynamic

analysis for _ round body of equivalent diameter at both small and large angles of at-

tacks. Estimates of pertinent aerodynamic parameters were made to allo_, computer

simulations of dart flight.

Figure 3 shows the assembled submissiles and their characteristics are contained in

the following table:

Length (cm) 74.0 72.4

Cross flats (cm) 8.44 4.33

Weight - grams 8285 2385

Center Gravity off base (cm) 35.7 36.9

Fin area {cm 2/fin) 69.0 47.7

Ejection System Design

As a tool to assist in the investigation of ejection characteristics, a one-half scale

model ejection simulator was developed. The simulator consisted of a "bungee" cord

arrangement to provide the force for exercising the sling system and a quick release

system. The submissile simulators were constructed from wood with ballast added

to obtain the proper weight and center of gravity. The submisslle simulators did not

contain fins and therefore the effect of fin torque was not included in the test program.

A series of tests were conducted to determine the effects of sling length, sling

shape, sling-to-warhead attachment point, sling size, ejection force, and load

distribution.

Figure 4 illustrates the effect of sling shaping upon the pitch rate induced on the

simulators. It varied from 2 rps nose first to 2 rps tail first. Based upon these tests,

conditions which should gi,-_ a near parallel ejectto_ attitude were selected for sled

tests.

The importance of the controllability of ejection conditions must not be neglected.

For a vehicle constrained to pitching and heaving motion, figure 5, she linearized

equations of motion may be written as

Zaa + Zqq + Z_a = mZ

177
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where

Zi, Mi (i -a ,a,q) are stability derivatives for forces and momenta due to •

the respective aerodynamic phenomena

m is the mass of the vehicle

I is the transverse momer, t of inertia

This system may be solved for 0(t) and a(t) once the geometric constraints, figure 5,

have been substituted. The oscillatory solutions obtained for _ and a may be used to

determine the lateral coordinate, i.e., ,:

z(t) = v f(a-dtibf

- kle_l t + k2e_ 2t + k4t + k5

Thus, the vehicle is moving away from its initial heading due to the time dependent k4

term. The motion may be described as sn oscillation which occurs on a time depend-

ent trim line, figure 6,

is given by

An appr°ximates°lutionf°rthek4term L ]"'-

and the angle of dispersion, called the jump angle, is given by k4/V.

Note that the magnitude of the jump angle, and hence hhe dispersion, is dependent on

the initial attitude and the initial angular rate. In particular, for a finned vehicle,

such as a dart, the effect of the b term is dominant, and large initial angular rates

will cause large dispersion.

This behavior is also exemplified by the lateral ejection velocity (LEV) history u the

vehicles travel down range. Figure 7 presentr ,,EV ,_lstories showing the character-

istics that the curves may have for various dart ejection attitudes. Thus _' is possible

that a dart may suffer LEV "speed-up" for "slow-down" as a result of initial attitude.

This will greatly |_flv_lce pattern characteristics.

Sled Test

The Little John warhead was attached to an expended Tiny Tim booster and accelerated

down the SNORT track at NWC by five (5) Zunl rocket motors. The test -vas arranged

so the warhead did not function until it was in free flight off the end of the rail. A

pit $. 6 meters wide by 2.4 meters deep was located at track end to reduce shock wave

178
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interference characteristics.

Two (2) tests were conducted at approximately Mach 1. On the first test the sling

system tore loose of the warhead skin panel at warhead event. This was caused by

the primacord which curled the skin back pulling the sling attachment loose. T_,_,

submissiles did not see the proper ejection characteristics and were subjected to high

initial pitch conditions since the sling caught the submissile tails. However, the submis-

sties were ejected and flew stable without any tumbling. The sling skin panel interface

was reinforced for the second test _nd the sling system operated properly. Figures

8 ar,_ 9 illustrate the submissi|e behavior at event and over the first 100 J_eters of

flight. It should be noted that the submissiles come out with a slight nose down at-

titude and tend to oscillat _+ 10 degrees about the horizontal during their observed

flight of 1.5 seconds or 450 meters. Also it can be noted that the submissile fins are

open prior to 0.05 seconds when they become distinguishable in the photographs.

Comparing the average event conditions of all submis_ies for the simulator and sled

tests gives a good correlation considering the limited number of test points. The

average pitch rate predicted from the simulator tests was -0.01 rps and the sled test

result was -0.37 rps (negative sign indicates :all first ejection). This shift was in the

direction anticipated because of the fin action which was not included in simulator

tests. The ejection velocities were 7.6 and 6.8 meters per second respectively for

the simulator and sied tests. This comparison is also good since the sled tests re-

sults include effects of dynamic lifts which were in the negative direction as a result

of the nose down ejection attitude. •

Analysis of sled test data supplied sufficient data to compare the predicted submissile

dra_ characteristics with test results. A comparison of static moment

stability derivative coefficient (Cma) was also obtained. Test data provided a value

_,_ -I_.9 ra_ian -1 compared to a predi _,dvalue of apprommately -11.0 radian -1. /

Flight Tests

Three flight tests were conducted at WSMR to demonstrate the capabilities of this

system to disperse small low ballistic factor munitions over large areas. Two basic

event conditions were selected for test purposes. These were missile dive angles

of 57 and 17 degrees at a velocity of approximately Mach 1. These two angles were

selected to illustrate the system's capabilities to provide n_,ar constant patterns inde-

pendent of missile dive conditions and without need to vary the functioning time of

the submissiles.
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The patternsizeobtainedis a functionofthetime thesubmissilesflypriortorelease

oftheircargo. For thisseriesof_cstsa flighttime of 1.25 secondswas used. Anal-

ysisofthelimitedphotographicco,,e_ageobtainedon thesetestsindicatedtlntthe4

rps rollrateofthemissileattime ofeventwas notdetrimentalto overallsystem per-

formance. The actualpatternsobtainedwere slightlylargerthan_redicted.This

increaseinpatternsizeis attributedtotheincreaseddispersionfrom each submissile

obtainedbecauseof therollrateinducedinthe submissileby theasymmetry ofthe

finsfrom assembly tolerances.This additionaldispersionisa desirablecondition

and co-.ldbe intentionallyincreasedforfutureapplications.

CONCLUSIONS

Slenderbody submissllescan be.ejectedfrom missilesystems ina stableRnd predic-

tablemanner. They can alsobe ased toprovidedispersionofmunitionsover large

areas witha minimum munitionflighttime and withthe munitionpatternshape rela-

tivelyindependentofmissileeventconditions.
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Figure 1 Little John Configuration
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__./y SLING INITIALLY TAUT

REACTION STRUCTURE SLING

"- SKIN PANEL

Figure 2 Sling Te,.hnique
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14, A NEW CONCEPT FOR ACTUATING SPACE MECH_'_ISMS

By William C. Stange

NASA Goddard Space Flight C_nter '

' i SUMMARY

: A two-position (0° and 180 °) actuating mechanism driven by two alternately-heated
i opposing fiat NITINOL springs is proposed for rotating the low field tris_i:,J fluxgate

magnetometer experiment on the 1977 Mariner Jupiter-Saturn spacecraft to its 0 ° and
I 180 ° positions. The magnetic field, power requirements, weight and, and volume of this de-
i Vice are very restrictive. The problems encountered in design and development of this
i device are presented.

: l INTRODUC TION

t

_ The purpose of this experiment is to provide precise, accurate, and rapid vector
measurements (from 0.01 T to 20 gauss, 1T = 10 -s gauss) of the magnetic fields of
Jupiter and Saturn in interplanetary space to them and beyond. These data extend in situ

: studies of the solar wind interaction with Jupiter and characteristics of its magnetic field
: and yield first studies of Saturn's field and its interactions if the solar wind extends to

I0 AU.

Performing accurate measurements of magnetic fields on a spacecraft _ot fabricated

magnetically clean is a major problem. A moderately long boom will be used to place
two low-field(_< 6400 T) triaxial fluxgate magnetometers at remote distances from the i
spacecraft. Simultaneous measurements will yield separate estimates of the spacecraft
field and the ambient field.

The purpose of this essentially nonmagnetic actuator is in-flight calibration of the
trtaxial fluxgate magnetometers. This calibration, which determines the sensor zero
point, is accomplished by periodically flipping tb_ magnetometers by 180 degree_.

The advantages of this mechanism are that it satisfies more than any other known
device, the constraints of volume, weight, nonmagnetic materialS, andpower in relation
to the requirements of high torque, fast cycling and long life. These properties are de-
rived solely from the unique mechanical qualities of 55-NITINOL. This actuator will
provide cyclical hi-directional rotary motion under varying environmental temperatures
(-45°C to +40°C) in a vacuum for peric_is up to five years.

iii_ 187 '_ :
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This paper describes the mechanical and electrical functions of the design which
evolved, as well as the problems encountered ._ne objectives achieved are evaluated
and other possible applications are presen_d.

i

OBJECTIVE

The objective was to develop an actuator which would meet the following require-
ments.

1. Rotate 180 degrees ± 15 minutes of arc.

2. Remain at the indexing stop until again actuated.

3. Have a permanent magnetic field (when not being powered) less than 0.1 _ at 2.54 cm (I in}.

4. Have a minimum capability of 300 cycles during a period of five years.

5. Complete the rotational indexing within 30 seconds of initiation.

6. Require not more than 8 watts of power for less than 30 seconds.

7. Weigh less than 0.227 kg (0,5 lb).

8. Fail-safe indexing, i.e., the actuator must no_ stop in any position other than 0 or
180 degrees.

9. Operate within the temperature range of -45°C to +40°C.

10. Operate in a vacuum.

DESIGN :

The selection of a design approach required the consideration of other feasible
concepts. Among those reviewed were bimorph piezoelectric devices, opposing coil
solenoids (without cores), nonmagnetic electric motors, Freon state conversion bellows,
and wax pellet actuators.

A concept utilizing 55-NITINOL was adopted because it appears to most reliably
meet the above design requirements.

0
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" 55-NITINOL

About ten yoars ago, Buehler and Wiley of the U.S. Naval Ordnance Laboratory

t_ developed a special purpose nickel-titanium alloy (55-NITINOL) that possesses "mechan-
i ical memory" (see reference 1}. The phenomenon is caused by a thermally induced
_ atomic shear transformation which occurs in 55-NITINOL. The salient property of this

alloy is its memory of shapes imposed on it at a characteristic "annealing" temperature
._ T a . This effect is manifested, after return to an arbitrary lower temperature T1 at
_ which plastic deformation (< 8% strain, fig. 1) has been induced, by its forceful return to
; the originally imparted shape (at T_) following heating to the transition temperature

i_ T t (T 1 < T t < T ). Simply stated, this means that any shape formed at the "annealing"
_ temperature can be thermally induced to reoccur in spite of deformations (< 8% strain)

imposed at lower temperatures.

_ The 55-NITINOL used in this mechanism has a T_ = 500°C and T t = 80°C. The
i transition temperature T t is a function of material composition and cold working and

_: can range from -100°C to +300°C. The onset of restoring stress (memory} is not sharply
_ defined (figs. 1 and 2), rather T t is a temperature range (_10 °) over which the restoring

stress increases by a factor of four and the modulus by a factor of four, as illustrat¢d in
fig. 2. If the 55-NITINOL flat springs were um.estrained they would assume the shape of

, a straight strip (memory shape) at 90°C (upper T t range). The spring torque of this
actuator varies directly with the yield stress of the NITINOL which is solely dependent
on whether its temperature is above or below the transition temperature range. The
springs used in this test model will provide 0.029 l_-m (40 in-oz) of gross torque. After
about 1,000 cycles the gross torque output should level off at about 95% of the initial value.

MECHANICAL OPERATION

: The mechanism as shown in figs. 3 and 4 is simply an experiment container which
can be bi-directionally rotated by two opposing NITINOL fiat springs with bonded heater
strips, whose indexing is biased by two over-center Flexator springs. To operate the
actuator, the appropriate NITINOI spring (fig. 3, section A-A) is heated to its transition

i temperature range (+80°C to +90°C), increasing the modulus of elasticity from
27.6 x 106 N/m 2 to 82.7 x 106 N/m 2 (4,000,000 psi to 12,000,000 psi) (fig. 2), providing

a torque greater than the unheated spring. This action drives the toggled spring crank

(figs. 3 and 4) and the pinned crank arm clockwise from the po_ tion shown. After
90 degrees rotation, the two Flexato: springs drive the crank arm, fail safe, to the

opposing stop, 180 degrees from where it started. The shaft rotates the experiment in
its container and acknowledges the indexing through a cam-actuated microswitch as

: shown in fig. 3. When the heater is turned off by tetemetry and the NITINOL spring falls
! below the transition temperature, the crank arm is held against the indexing stop by the :

i two Flexatorsprings. The rotationisreversedby applyingelectricalpower tothe heater
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strip which is bonded to the NITINOL fiat spring shown in section A-A, fig. 3. This

drives the crank arm counter clockwise back to where it started.

m

MATERIALS

The prime considerations in the selection of materials for this mechanism were low

i_ ms_etic permeability (< 1.001), volume and weight. The Flexater springs were made of :
Elglloy, the bushings, housing and experiment container from Delrin, and the shsfts and

other hardware from titanium alloy, beryllium copper, aluminum and brass, i

?

ALTERNATY_'E USES

Other mechanisms utilizing NITINOL in different covfiguratlons are currently being '_
designed and fabricated. Devices utilizing NITINOL can be competitively employed in
many areas requiring relatively quick response and high driving force with severe limi-

= tations on the permanent magnetic field, weight and volume.

; CONC LUSION

The mechanism described in this paper provides positive, cyclical indexing for a
, sensor rotating 180 degrees ±15 minutes; the permanent magnetic field is less than 0.1_'

at 2.54 cm (one in), the power consumed is less than 240 watt-seconds, the weight is
less than 0.168 kg (6 oz), and the volume (less the experiment container) is less than !
3.8 x 105 cubic meters (2.25 cubic inches). Two mechanisms of the type described in

this paper have been fabricated for feasibility testing. Eight additional units will be :
built, two of which it is contemplated will go aboard the 1977 Mariner Jupiter-Saturn
spacecraft as the actuating mechanism for the low field trlaxtal fluxgate m_gnetometer
experiment. _,

REFERENCE _
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with a Memory: Its Physical Metallurgy, Properties, and Applications." NASA-
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ADDENDUM _

The actuator described in the Mechanical Operation
Section of this paper (figure 4) has been modified as
shown in figures 5 and 6. Refinement of the conceptual
design necessary for the development of flight hardware
has wrought most of the changes. However, one basic !
addition has been incorporated into the original concept;

; _ and that is the feature of a position lock.

I This addition was necessitated because of the tendency
of the NITINOL springs, after _ 1,000 flips and especially
at low temperatures, to return to their strained shape upon
cooling and therefore pull the crank arm off its position
stop (figure 5).

• The concept shown in figure 4 was modified to incorporate
a mechanism which locks the crank arm in either its 0° or 180 °

position. As shown in figure 5 the outboard end of either
_ NITINOL spring is reacted by a pivot arm which also carries

two cam springs (tension) 9 a follower and an arm stop.
!_ The two followers interface with a cam which has one slot.

In figure 5 the left follower has engaged the cam slot and
bears against the lower slot face thus eliminating play and
locking the crank arm against its position stop.

When the NITINOL spring on the left is heated, its in-
' creased modulus reacts with the locked toggled spring crank i

on the right and the pivot arm on the left. As the force i
of the two cam springs is overcome the pivot arm and its
slaved follower move counter clockwise, thus ultimately

_ releasing the cam. The toggled spring crank is now free !
to be driven clockwise as in the previous concept (figure 4)
and the crank arm rotates 180 ° to the left stop. The spring

loaded right follower detents with the cam and locks the
crank arm and its associated hardware in this position until
it is again flipped back to the position as shown in figure 5.
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Flsure 3. Typioal Tempe1"ature Effect on Yield St1"es8 and Modulus of Elastieit_
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_ 15. THE MECHANICAL DESIGN OF AN L_4AGING PHOTOPOLARIMETER

_/ FOR THE JUPITER MISSIONS

:+=, (PIONEER 10 AND 11)

h_ By James C. Kodak

_ Santa Barbara Research CenterGoleta, California

+_ SUMMARY

_:_:[. This paper discusses the mechanical design and fabrication of the
_. Imaging Photopolarimeter (IPP), a multi[unction space-qualified instrument
_: used on the Jupiter Pioneer Missions. The extreme environmental require-

_ ments for the structural design, optical system, and mechanisms are de-
_. scribed with detailed discussion of some of the design and fabrication prob-
!i'r' lems encountered.
~

:. INT ROD UC T ION

_r

_:; An Imaging Photopolarimeter (IPP)was launched aboard Pioneer I0 in

i March of 197Z and, after Zl months of travel through space, passed by the!

.? planet Jupiter in December of 1973. During this time, the instrument passed

through the asteroid belt and the intense radiation and magnetic fields of Ju-

: piter to successfully fulfill its mission. The i_terplanetary portion of the

_ mission was utilized to generate sky maps of brightness and polarization of

! the zodiacal light. During the Jovian encounter, the IPP produced two-color
images of Jupiter with resolution and at viewing angles unobtainable from

; earth. In addition, it measured the brightness and polarization of light re-

_ flected from the planet from which, for example, details regarding the size

_' and shape of the particles composing the atmosphere can be deduced.

A second IPP launched aboard Pioneer II in April of 1973 will pass by

_; Jupiter in December of 1974 to accumulate additional data at viewing and ap-

_./ proach angles different from those of Pioneer 10. Since Pioneer 10 fulfilled
C

_. its main objectives and successfully survived the Jovian radiation belts,

_" Pioneer 11 has been retargeted so as to pass by Saturn nearly _ive years _.

_ after the December 1974 encounter with Jupiter. This will provide signifi- ._

I cant bonuses with only relatively minor compromises, e.g., somewhat lessfavorable imaging geometry at Jupiter. %

,RECEDINGPAGZ B_K NO_ _
I
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'[",eIPP is a multifunction instrument designed to: I) map the zodiacal

light (faintlight measurement); Z) measure the brightnes s and polarization of

light in two spectral bands (colors) reflected from the planet Jupiter; and

3) produce two-color images of Jupiter. The instrument (see Figure 1) con-

sists of an electronics module and a scanning electro-optics assembly. The

instrument is mounted aboard a spinning spacecraft {see Figure Z)and uti-

lizes the 4.9-rpm spin of the spacecraft to scan a narrow strip across the

planet (or across the sky in the case of the zodiacal light mode) during each

revolution. The electro-optics assembly may also be positioned in 0.5-mrad

" steps in the direction of flightfrom Z9 ° from the earthward direction to 170 °

from the earthward direction. This stepping allows scanning of contiguous

strips which can be recornbined during ground data processing. The various

optical modes are achieved by inserting various fleld-defInlng apertures, po-

larization-analyzing optics, and calibration sources into the optical path at

the focal plane. The optical system is a complex combination of mirrors,

lenses, prisms, multilayer coatings, and filters that separate the viewed

scene into four beams, two red and two blue, with each colored pair orthogo-

nally polarized. The four beams are then individually imaged onto individual

cathodes of two dual-channel detectors. The red and blue light is quantized

into 64 intensity levels (imaging mode) and 10Z4 levels (photopolarimeter and

: zodiacal light modes) and then transmitted to earth as coded numbers. The

signals are reconstructed and enhanced by computer to provide two-dimen-

sional displays of the data (spectacular color images and brightness and po-

i larization maps ).

_ ENVIRONMENTAL AND INTERFACE REQUIREMENTS

: The IPP was designed to withstand the normal launch environment of

most spaceborne instruments and to survive the almost two-year journey

through space and passage through the Jovian radiation belts. In addition,
the presence of a magnetometer aboard the spacecraft made it necessary to

produce a virtually nonmagnetic instrument.

The instrument is located on the spacecraft to take advantage of the

4.9-rpm spin and to provide as optically clear a field of view as possible.

The IPP is mounted in the spacecraft instrument compartment with the

electro-optics assembly extending through the side of the compartment wall.

As a result, the electronics are maintained at close to ambient temperature

and the electro-optics assembly is exposed to the sub-zero temperatures of

deep space. This mounting configuration caused some concern _mong the

experimenters involved because the exposed telescope could readily collect

dust and debris during launch. Dust would create extensive light scattering

and could jeopardize the faint light experiment. Maintaining cleanliness of

the optics was mandatory during fabrication, assembly, and launch as well

as in flight to Jupiter.
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= ; The total weight of the IPP is less than 10 pounds and the power re-

quirement is approximately Z watts.

_ MATERIAL CONSIDERATIONS

_ The IPP was designed to be constructed almost entirely of beryllium.

__ This material was selected primarily to minimize weight. All m_terials
_ used were considered for their radiation resistance and nonmagnetic charac-
_i. teristics. Mater.ials considered suspect were exposed to specif;: doses of

_: radiation and evaluated for damage. Radiation problems had their most sig-
_: nificant impact in the electronics and optics areas. The most serious prob-
_ lem in the optics area was discoloration or phosphorescence. In the initial

_ design concept, the detectors were mounted with the electronics, close to the
high-voltage supply, and the optical beams were relayed to the detectors

_.__:- through fiber optics. However, all the fiber optics materials that were flex-

_:', ible enough to allow the telescope scanning would discolor when exposed to
_: the levels of radiation anticipated during the Jovian encounter. As a result,
_ the fiber optics were eliminated and the detectors mounted directly on the
_" electro-optics assembly. The high voltage was then routed from the elec-
_ tronics module through a specially fabricated flat cable to the detectors on
_ the electro-optics assembly.

:_ Another problem was encountered with the calcite material selected for
_: the three-segment Wollaston prism. Because of its large size, artificially

grown calcite was not available and material had to be obtained from natu-
'_: rally occurring crystals. Natural crystals generally contain impurity ions
_ which discolor or phosphoresce when exposed to high energy radiation. As a
_= result, it was necessary to irradiate various small samples cut from large

_: crystals to find a sufficient quantity of material unaffected by the radiation.
_
<

_ Most mechanical materials are not affected significantly by radiation.
_ However, the use of organic materials was potentially a problem. While

most epoxies tend to harden a minor amount, teflon and nylon, for example_
are severely affected. All materials and components utilized were checked

!_' for magnetic characteristics to ensure that some magnetic item was not in-
i advertently assembled. One magnetic screw or washer could make the sys-

tem so "hot" thatdisassembly would be necessary. The glass feedthroughs

I on the detectors and other electronic components were another problem.
These feedthroughs were fabricated of low nickel alloys so that their thermal3

.,:, expansion coefficients closely matched that of glass. It was necessary to clip
the magnetic leads off as close to the glass as possible and weld nonmagnetic

i: wire in place of them.

i :"I
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Gimbal bearings were f_bricated of Composition 12-5 and Berylco Z5.

Small instxument bearings did not cause any significant problems and were
therefore screened and used as is.

INSTRUMENT CONFIGURATION '

: The instrument (see Figure I) has two major components, the elec-
tronics module and the scanning electro-optics assembly. An integral mount-

ing platformwas configured to provide a direct thermal path from the
: electronics and from the scanning optical telescope to the spacecraft without
; interference from other components or one another. Spacecraft thermal con- :

trol therefore exerts a direct effect in controlling the enviromnent of these

assemblies. The mounting platform was fabricated of black anodized beryl- ;
lium. Critical interfaces were gold-plated to enhance thermal and electrical

: transfer. The mounting platform was fabricated of four separate structures
and screwed and bonded together to form an assembly. The bonded joints
were located such that they do not interrupt the thermal path nor are they
solely relied on to carry the structural loading. This four-piece assembly

was designed to allow fabrication of the structure from small sections of be-
ryllium plate in lieu of the less available and more costly large beryllium
block.

The electro-optics assembly (see Figure 3)is supported from the
: mounting platform by two gxmbal bearings specially fabricated of nonmagnetic

i materials and dry lubricated with molybdenum disulfide. One gimbal bearing
is installed directly between the optics assembly and the mounting platform i

),

and the other is installed in the platform-mounted telescope drive assembly
which positions the optics along its 160 ° scan. A flexible braided thermal
strap was connected between the optics assembly and the mounting platform
to enhance thermal balance between the cold optics assembly and internally

heated electronics housing. Thermal conductivity of the braid is considerably

greater than that of the bearing assembly, i

The electro-optics assembly consists of a 1Maksutov telescope, a six-
position focal plane aperture actuator, a Wollaston prism, various optical
elements, and two dual-channel Channeltron detectors (see Figure 4).

The Maksutov telescope consists of a primary mirror, seconaary mir- i
rot, and spacer installed between the mirrors. The spacer is fabricated of

the same fused silica material as the mirrors to minimize focal plane shift
as a result of thermal expansion. The entrance aperture is Z. 5 cm in diam-
eter and is located at the primary mirror. Contact pressure is maintained
between these components by a Viton O-ring installed on the outside of the
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secondary mirror (coi rector ). The entire telescope is housed in a machined
black anodized beryllium tube which contains integral 'Knife-edge" baffles

: for stray light suppression.

The six-position aperture actuator is driven by a stepper motor spe- '

cially designed to minimize static and dynamic magnetic fields. The actuator
design integrates the aperture carrier into the basic structure and provides

a receptacle for bonding in place the aperture plate and the focal plane optics.

: _ The aperture plate contains the fleld-defiaing apertures which vary in

7; size from a 0.5-mrad square (0. 038-ram square) to a 40-mrad square. The
i aperture is fabricated of beryllium copper, plated with black chrome and
, photoetched. Because of the design change that required that the detectors
_ be mounted on the moving optics, the space allocated for the aperture actu-

: _.' ator was limited and resulted in an actuator configuration with a limited bi-
: directional rotation (±50 °). AS a result, the damping and calibration

: _: required to achieve desired detenting within the specified response times and
voltage range, and over the required temperature range, were extremely

difficult. It is felt that this type of design should be discarded on future de-
: signs in favor of unidirectional continuous rotation configurations where space

: permits.

The Wollaston prism (see Figure 5) is constructed of three segments of

calcite. Calcite is a material possessing an anisotropic thermal expansion
coefficient, Z5 × 10-6/°C parallel to its optical axis and -6 ,< 10-6/°C per-

pendicular to its optical axis. It is necessarily (optically) configured such
that the thermal expansion coefficient of each segment differs from other ad-

jacent segments along the same axis. The three segments of the prisms are
bonded to each other and suspended in an aluminum housing by an elastomeric

encapsulant. Aluminum was selected for the housing because the combined
thermal expansion coefficients of the calcite and the elastomer closely match

the expansion coefficient of aluminum when used in the subject configuration.
As a result, the prism remains essentially stress free. Calcite is a very
fragile material and must be handled with special precautions. Care must be

exercised to shroud the material when thermal cycling, as even mild thermal
shocks were shown to produce fractures in the raw material.

Two dual-channel detectors were mounted on the optics assembly in an
aluminum housing with a semi-flexible adhesive. Aluminum was selected for
this housing as it provided more radiation protection for the detectors than
beryllium.

The various mirrors and lenses in the optics assembly were fabricated
of radiation-resistant glass and bonded to the beryllium housings by a semi-

flexible adhesive. All mirror and lens positions were individually adjustable
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: by replacement of premachined shims to allow optimum positioning of the
! optical images on each detector.

The completed optics assembly is shrouded by a low emissivity pol-
ished aluminum drum which eliminates the excessive heat loss that would

result from direct exposure to deep space. It is gimballed between the plat-
form-mounted telescope drive motor and platform-mounted bearing
a s s embly.

The telescope drive actuator (see Figure 6) which produces the 160 °

scan is a special sealed drive system designed to transmit rotational n_otion
through a welded hermetic seal. Thus, suitable lubricants were completely
contained within the active mechanical portion cf the drive to assure reliable
operation over the lengthy Jupiter mission.

The gear configuration is divided into two stages such that it converts
15° steps at the rotor to O.5-mrad steps at the output. The first-stagegear
reduction of 7.3:1 is accomplished in two passes of conventional gearing.
The second-stage gear reduction of 72:I is accomplished through a harmonic
drive. * The harmonic drive consists of _ree basic parts: the wave gener-

ator, flexspline, and rigid spline. The wave generator is an elliptical cam
which deforms the flexspline into an ellipse causing it to engage with the cir-
cular rigid spline at two points of contact. The flexspline is fixed and the
wave generator is rotated by the first-stage gearing. As the wave generator
rotates, tooth engagement between the flex and rigid spline follows the rots-

tion of the wave generator. The number of teeth in the flexspline differs
from the number of teeth in the rigid sp!ine by two. As the wave generator
makes one rgtation, the flex and rigid spline are displaced with respect to

each other by two teeth. With a 144-tooth flexspline, this produces a 144:Z
reduction.

The stepping accuracy (0.5 + 0. ! rnrad) required was pushing the state
of the art for this size actuator. The windup in the flexible spline (variation
in resist_.ng torque as a result of discontinuities in the deflection member) re-

sulted in somewhat worse accuracy than required in the initial unit. This
problem was minimized by matching flexsplines to wave generators and by

the ultimate addition of a torsional spring to the output shaft of the actuator.
This spring loading put a higher torque on the drive and made the variation in
torque caused by flexspline windup less significant.

•Gear Systems Divi_ ion, United Shoe Machinery Corporation, Beverly, _i_
Ma s sachusetts, i!
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_ An input encoder was built into the motor to indicate stepper motor
_ rotor position; _his is used in conjunction with an output shaft encoder to in-

i./ dicate telescope po_tion. The input encoder thus acts as a vernier position

_ readout. An output (bruch type) position encoder is mounted directly on the ,

_ motor output shaft and is indexed to the main mounting platform and the tele-_ scope. This encoder provides the coarse positional readout.

An important actuator design consideration was that of magnetic field

suppression so as not to interfere with the extremely sensitive spacecraft

magnetometer. This was accomplished by special design of tig._tlycoupled

flux paths and the use of magnetic mater_.als of very low remane.lce charac- !

teristics. * Both motor-driven actuators in the IPP exhibit magnetic clean-

liness c]_aracteristics of approximately I0°70of the allowable Pioneer

_ specified values, thus confirming the validity of these techniques. For ex-

i ample, the aperture actuator which contains no shielding measured less than

0.1 gamma at 0.9 meter (3 feet)staticand 0.9.gamma in the worst axis while stepping

at maximum rate. The telescope drive assembly with a mu-metal shield

measured 0.3 gamma at 0.9 meter {3 feet)depermed, 1.9.gamma at 0.9 meter (3 feet_

aRer 25 gauss exposure and 0.06 gamma depermed and operating at maximum rate.
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- 16. MAGNETICALLY SUSPENDED REACTION WHEELS

By Ajit V. Sabnls, George L. Stocking and, Joe B. Dendy

: Sperry Flight Systems, Phoenix, Arizona

%"

Stn_RY

'_ Recent developments in the technology of magnetic suspensions point to an_L

imminent application to spacecraft systems where long llfe is a requirement.

_: Magnetic suspensions offer several advantages over conventional bearings,
• _ arising because of the contactless nature of the load support. In application

to spacecraft reaction wheels, the advantages are: low drag torque, wear-

free, unlubricated, _acuum-compatible operation and unlimited life. In addi-

: tion, by the provision of redundancy in the control electronics, single-point

failures may be eliminated. The ra=lonale for selection of a passive radial,

active axial, dc magnetic suspension is presented, and the relative merits of

3-1oop and slngle-loop magnetic suspensions are discussed. The design of a
.618 N-m-set (.5 ft-lb-sec) reaction _heel using the slngle-loop magnetic sus-

pension is developed; the design compares favorably with current ball bearing

wheels in terms of weight and power.

INTRODUCTION

In application to reaction wheels for spacecraft, the primary advantages
of magnetic suspensions are: low drag torque, wear-free, unlubricated, vacuum-

compatible operation and unlimited life. Operation in the neighborhood of zero

speed poses no problems since the suspension capacity is independent of rota-

tional speed, there are no lubrication anomalies, and drag is virtually zero

(70.7 x 10-6 N-_/1000 rpm) (.01 oz-in./1000 rpm). In addition, by the provi-

sion of redundancy in the control electronics, single-polnt failures may be

eliminated. Pioneering work i_ the development of magnetic suspensions was

done at the University of Virginia, under the direction of Beams (reference
I). The earliest suspensions date back to 1937. Since then, magnetic sus-
pensions of various configurations have been constructed. Recent developments
in the technology of magnetic suspensions have been spurred by advancements in
magnetic materials and microelectronlcs, and point to applications in space-

craft _ystems where long llfe is a requirement. Some recent designs with the
viewpoint of an ultimate spacecraft avpllcatlon were reviewed by Henrlkson et
al (reference 2) and the design of a 1085 N-m-sec (800 ft-lb-sec) momentum
wheel assembly was described in (reference 3).

_ _RECEDLNG PAGE BLANK NOT FILI_ 211
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MAGNETIC SUSPENSION CHARACTERISTICS

Magnetic suspension offers many advantages for rotational equipment, but .,
as may be expected, some limitations are also incurred. A summary of these
characteristics is presented in Table I.

TABLE 1

MAGNETIC SUSPENSION CHARACTERISTICS

ADVANTAGES

* High reliability (no wear, lubrication, or fatigue)

: ® Low torque (starting, drag and ripple_

: • High speed capability

, • Low noise and vibration

_ , No slngle-point failures (with redundant electronics)

• Compatible with vacuum environment (no lubricant)

• Insensitive to thermal conditions (large gaps)

DISADVANTAGE S

: • Lower capacity per unit weight

• Control electronics required

The advantages arise from the basic nature of contactless suspension

(non-bearing). High rellability is posslble because of the elimination of the

lub-'_ication,wear and fatigue characteristics normally associated with ball or
: fluid bearings; however, a control system must be providedp and its failure

rate _st be accounted for in the reliability calculation. In connection with

this point, it is of interest to vote that redundancy can easily be incorpor-
ated in the control system electronics; thus, single point failures can be

eliminated in the entire system without duplication of the mechanical and

structural elements (rotor, housing, etc).

The limitation of capacity is a result of the physics of magnetic force

generation: a pair of magnetized surfaces can develop a load capability of

1.6 x 10-6 N/m 2 (232 psi) at a flux level of 2 Wb/m 2 (near saturation level

212
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for iron). When compared with the 2065 x 106 N/m 2 (300,000 psi} design limit
_.' for ball bearing steels, it can be appreciated that substantially morei

material must be provided to obtain the same total load capacity. In order to "

_ minimize total system weight, it is therefore very important to design the
suspensions for the minimum required capacity and/or stiffness.

f

;_ SELECTION OF MAGNETIC SUSPENSION TYPE

The achievement of entirely contactless suspension is subject to the fund-

amental restriction of Earnshaw's theorem (reference 4), which specifies suf-
ficient conditions for instability in inverse-square force fields. The

" practical consequence of the theorem is that stability under magnetostatic

fields is impossible unless diamagnetic or superconducting materials are em-
ployed. In the presence of ferromagnetic materials, there is at least one

statically unstable coordinate airection, and suitable time-varying fields

; must be generated to assure stable suspension.

Magnetic suspensions can, in general, be placed in three categories:

(MAoNTcISUSPENSIONS

: • DIAMAGNETIC I/J<,1.0) • EDDY CURRENT • AXIALLY ACTIVE
• SUPERCONDUCTING • RESONANT CIRCUIT • RAOIALLY ACTIVE

! • ALL AXES ACTIVE

444-8-5

The all-passlve systems are magnetostatically stable and therefore do not

require an active control system. However, diamagnetic suspensions have very
low specific load capacity because their permeability is very close to unity.

Superconducting suspensions require the added weight and complexity of a cryo-
genic cooling system. Of the active systems, ac systems (both eddy-current

repulsion and ac resonant) are characterized by high power loss and poor damp-
ing characteristics. For application to reaction wheels, the choice therefore
narrows to one of the dc magnetic systems.
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Comparison of DC Magnetic Suspension Types

DC magnetic suspensions were first so termed because a steady-state current

was used to provide passive magnetic restoring forces, with modulation of this

current used to provide total (3-dimensional) stability and levitation. This
: category has since been extended to include systems in which the passive re-

storing forces are provided solely by permanent magnets. Rotational de magne-
tic suspensions may be divided into three classes:

• Axial active, radial passive (I degree-of-freedom is actively
controlled)

• Radial active, axial passive (2 to 4 degrees-of-freedom are
actively controlled)

• All-active (5 degrees-of-freedom are actively controlled)

The comparative characteristics of the three types of systems are summar-
ized in Table 2.

TABLE 2

PROPERTIES OF DC MAGNETIC SUSPENSIONS

Axial Active - Radial Active -
Characteristics All Axes Active

: Radial Passive Axial Passive

Stiffness

Radial Low Adjustable Adjustable

Axial Adjustable Low Adjustable

Drag Torque Lowest Low Low

Power Loss Low High High

Control System I degree-of-freedom 2 to 4 degrees-of- 5 degrees-of-freedom
freedom

Reliability High Low Lowest

The principal advantage of using passive means to obtain restoring forces

is inherent simplicity and reliability; neither sensors, electronics, nor con-
trol coils are required. When the quiescent field used to obtain the passive

restoring forces is provided by permanent magnets, the power losses due to
I
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: constant coil currents are eliminated. However, the suspension stiffness is en-

tirely determined by the passive magnetics and, unless separate means are pro-

vided, cannot be altered from the original value. Additional damping forces

: (e.g., from eddy-currents) must be provided in order to ensure satisfactory dyn- '
amlc response and well-bounded amplitudes at resonant conditions.

•- Acti_a means of obtaining magnetic support forces have the advantage of

__ adjustable stiffness and damping characteristics, which are obtainable by varl-

_, ation of control system parameters. The disadvantages are that sensors, elec-
_ tronics, and forcing coils are required, with a resultant lowering of

_. reliability. Moreover, an active system requires suspension power not only dur-

_ ing dynamic-load conditions, but also standby electronics power during static-
load conditions.

• Selection of a particular suspension type depends heavily on application

_ requirements. In one important area, reliability, the axially actlve/radlally

passive suspension is superior to the other types. The reason for this is the

smaller number of degrees of freedom required in the control system. Thus, it

is primarily for the reliability consideration that the active axlal-passlve

radial suspension was chosen for reaction wheels. It should be noted, however,

that, for the same radial stiffness, the weight of this type of suspension is

higher than for an active system, and that speclfic attention must be directed

to designing for the minimum allowable radial spring rate for each application.

: Consideration is now given to the nature of the passive-radlal suspension

and to the method of axial control force generation for it.

Repulsion Versus Attraction

Schematic illustrations of passive repulsion and attraction suspension

techniques are shown in Figures I and 2, along with a listing of advantages and

disadvantages. In the repulsion system, the radial restoring force is gener-

: ated by the reaction between like magnetic poles. In the attraction _ ;tem,

the radial restoring force is caused by the tendency of the rotor to b_ i. a

position of minimum reluctance of the magnetic circuit.

In comparing the relative merits of these techniques, two significant
factors can be noted:

s The flux is contained within the magnetic clrcul; in the

attraction suspension, but is forced to be external in the

repulsive suspension. This flux containment results in

reduced drag torques, and also minimizes unwanted vehicle

disturbance torques that would otherwise be generated by

_nteraction with the ambient magnctic field, i

; 215

- i

]9760]2084-2]2



I

' f" [i :
f l' : i0 '

• In the repulsion suspension, a separate means (such as a

dual-acting solenoid) must be provided to generate bi-

directional axial control forces; in the attractive suspen-

sion, it is possible to modulate (increase or decrease) the

existing magnetic field to generate axial control forces.

In addition, non-uniformities in the permanent magnets cause

periodic forces and large runouts, and large drag torques.

A comparison of the other features listed in Figures I and 2 also favors the

aLtractive system.

To summarize, the preferred suspension for spacecraft reaction wheels:

• Is dc magnetic

• Is active-axial, passive-radial

• Uses an attractive magnetic circuit.

CONTROL CONCEPTS FOR THE ACTIVE AXIS

As a consequence of Earnshaw's theorem, the radial restoring stiffness of

the passiw_ magnetics is accompanied by instability in the axial direction.
Because this unbalance force is a function of the difference between the

squares of two terms, the net force in the axial direction in a linear func-
tion of axial displacement near the equilibrium position. The axial equation

of motion of the magnetic suspension is thereby given by

,M_-K z=F
U

where

z u axial displacement from the equilibrium position

M u suspended mass

K = unbalance stiffness
U

F = applied force (total)
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Axial stability can be obtained by controlling the current to the control
coils to generate forces in the proper direction. Thus if the control force

includes rate-plus-displacement feedback given by

F = -B _ - K z,c

then the axial equation of motion becomes •

Mz+B_+ (E-K) z=F
u e

where F is the external force. This equation indicates system stability can
e

be obtained for K > Ku, a net static ctiffness of (K - Ku), and results in a

power loss under external axial loads. In practice, the rate sensor may be

avoided by using lead compensation of the position signal. A block diagram of

the axial control system is shown in Figure 3, and the root locus in Figure 4.

In addition to the lead compensation, a minor loop integrator can be
added (shown by dashed lines in Figure 3) in order that the unbalance stiffness

of the passive magnetics can be used to advantage in overcoming constant ex-

ternal loads. The integrator also enmbles long-term, low-power operation by

correcting for drift in any of the electronic components, including the posi-

tion sensor. With integral feedback, the static axial stiffness is negative;
the root locus of this system is shown in Figure 5.

MAGNETIC SUSPENSION DEVELOPMENT

Three-loop magnetic suspensions and their application to a large momentum

wheel were reported in ceference 3, where the nomenclature "3-1oop" was selected

because of the 3-1oop magnetic circuit.

A 1-1oop suspension model (Figure A-I) based on the configuration evolved
for the reaction wheel (Figure 7) was fabricated and tested in order to confirm

the design approaches and obtain preliminary data. The model has been operated

successfully through resonance speeds and has shown extremely low draF torques.

Test results are discussed in the Appendix.

APPLICATION TO REACTION WHEELS

The use of reaction wheels is a proven and accepted technique £or control

of spacecraft attitude. In a typical system, three orthogonally mounted wheels

are employed, each developing bidirectional control torques in response to com-
mands from the attitude control sensors.

The total momentum exchange system can be configured as having a nominal

zero bias, or else can have a finite momentum along a particular spacecraft
axis. In the case of a zero bias system, which is of particular intere3t here,

?
g
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the wheels must be capable of operation in both directions of rotation, includ-

ing the region about zero speed. Although ball bearing supported wheels have
achieved lifetimes in the neighborhood of 4 to 5 years, their use for longer

missions is highly questionable. The main reason for this is the necessity of
assuring the presence of a lubricant in the ball contact area over this period

of time, and of providing a load-carrying film (or boundary lubrication) in the

near-zero speed region. Also, while statistical proof of long life can be ac-

complished on a design basis for a ball bearing system, it is virtually impos-
sible to guarantee its existence on each indiwidual wheel.

The obvious solution to the ball bearing problem is to avoid contact of
the bearing elements, and to eliminate the need for a lubricant supply. Magne-

tic suspension constitutes such a contactless support system, and forms the

basis for the reaction wheel design described in this paper.

Design Requirements

Each application of reaction wheels to a spacecraft attitude control sys-

tem has its own particular set of requirements. For the purpose of this devel-

opment, the requirements were based on an interplanetary spacecraft. _hese

requirements and the values achieved are listed in Table 3.

! The motor torque is the net (accelerating/decelerating) torque applied to
the wheel, and its reaction is usable for vehicle control purposes. This tor-

que must be delivered upon command in either direction over the total angular
momentum range of the wheel. The maximum motor power of 8 watts includes that

required for suspension and windage drag, in addition to the net torque deliv-
ered to the vehicle.

The suspension system peak power is consumed only momentarily, during ini-
tial levitation (< .01 sec).

t

The cross axis rate input causes a deflection at each bearing due to gyro-
scopic effects. The interpretation of this requirement is that there be no

physical contact of the touchdown bearing elements during this condition. The

weight and volume requirements include the reaction wheel plus one channel of
suspension control electronics.

Meeting the performance requirements at low ambient presEure and over the

stated temperature range should not be a problem as it can be with ball bearir_g

wheels. Because magnetic suspensions are low power devices and are directly

compatible with hard vacuum, the housing can be vented directly to space with

no adverse effects on the wheel. Performance over the temperature range should
also be readily achieved because of the absence of lubricants and the use of

sizable clearances. In fact, there should be no significant variation in per-
formance from the standard test conditions.
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TABLE 3

C .678 N-M-SEC REACTION WHEEL CHARACT£RISTICS

, Parameter Design Requirements Design Value Attained

_ Angular Momentum +.678 N-m-sec +.678 N-m-sec ,

Motor Torque (mln) +.0136 N-m +.0149 N-m
%

_ Motor Power (max) 8 watts 7 watts

_: Suspension Power

!_ Peak 8 watts 8 watts

_; ).verage I watt .5 watt

_ Max Cross Axis Rate .0175 rad/sec .83 rad/sec

_' Input

_ Weight 3.62 Kg 2.54 Kg

3 3
Volume .004095 m .001965 m

Environment

Temperature +20°C to +75°C +200C to +75°C

Pressure 10-14 tort 10-14 torr

Life 10 years, operating I unlimited

Vibration .I G2/Hz I > .I G2/Hz
I

The lO-year life requirement does not apply in the normal mechanical
sense because no wearout mechanisms are present. Thus, the definition of life is

reduced to determining the reliability of the suspension control system based
on constant failure rates.

Magnetic Suspension

Three-loop and l-loop euepenslcns were considered for this application.
The l-loop confisuration is shown in Figure 6. It is the simplest of the de-
8isns in which a permanent masher field i8 modulated to provide control forces;

; the permanent magnet and the contt'ol coil establish masnst£c flux in the same
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magnetic circuit loop. Passive radial stiffness is attained through the

action (minimum reluctanc,) of opposed concentric rings. Bidirectio_al contr£1

forces are provided by controlling the current in the coil.
J

The primary disadvantage of the 1-1oop configuration compared to the 3-

loop configuration is that the control current must counter the reluctance of

the permanent magnet in the 1-1oop design. This means that larger control cur-

rents are necessary to produce the same axial force, entailing larger power loss

under dynamic loads. In addition, hlgh-coercivity permanent magnet materials
such as the rare earth cobalts are essential to prevent the possibility of de-

: magnetization. Analysis shows that the reduction of the force-to-current gain
is only 50 percm for the case when the magnet is designed for minimum volume,

-_ and can be even lower with an increase in magnet volume.

Since the passive radial stiffness is proportional to the square of the

flux density, it is desirable to provide as high a bias flux density as pos-

sible, allowing sufficient modulation margin before saturation occurs. Con-

sidering that the flux density at satur&tion for soft material such as

electomagnet iron is in the range 1.6 to 2.0 Wb/m2, a bias density level of

1.4 Wb/m2 is a suitable value for design; this leaves adequate margin for modu-
lation to develop axial control forces.

The minimum radial stiffness required for the .5 ft-lb-sec reaction wheel

was determined to be in the range 12,270 N/m (70 ib/in.) to 29,250 N/m

(167 ib/in.), corresponding to a rotor weight in the range of .453 (I ib) to 1.36

Kg (3 Ibs). The following constraints on radial stiffness were considered in

determining these values:

• Suspension without touchdown in any attitude, in both 0-g

: and 1-g environments.

• Radial and angular rigid-body resonance frequencies to be
above 20 Hz.

: • No touchdown under cross-axis rates up to .0175 rad/sec.

Previous testing on a 3-1oop suspension model had demonstrated that the

resonance speeds could be dwelt on for extended perlod_ without significant

effect on motor or suspension power. For this reason, the possible location of

resonance speeds in the operating speed range was deemed acceptable, and no
additional constraints were imposed.

Sizing l-loop and 3-1Lop suspensions for the expected stiffness range re-

vealed that the former were lighter by a factor of nearly 3:1. The weight CON-
parison, the design simplicity, the fewer number of machined parts and ease of
manufacture and assembly were the basis for selecting the l-loop design for the

reaction wheel. Iterations in the design process determined the rotor weight

220
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to be .816 Kg (1.8 ibs) and the corresponding value of radial stiffness,

19,280 N/m (110 ib/in.). The suspension was sized accordingly and is shown in
the wheel layout of Figure 7.

RWA Design Description

A minimum weight design was achieved by optimization of the rotor radius

and the maximum operating speed [88.9mm (3.5 in.) rotor radius at 1500 rpm)l.

Several variations of the spin motor configuration, when combined with the

rotor, housing, and suspension tradeoff data, showed that the minimum weight

design utilized a segmented spin motor, with its cage serving as the major RWA
inertia element.

The spin motor is made up of two 40-degree segments, thus leaving ample !

circumferential room for the provision of redundancy (common cage feature).

The motor characteristics are shown in Figure 8. The magnetic suspension con-

figuration completely contains the permanent magnets, thus eliminating the

potential problem of flaking due to the existence of microcracks in the

material. The spacer ring is sized to transmit all the mechanical loads !

rather than the magnets. The design permits the parts to be machined w_th

relatively loose tolerances, the pole piece clearances and the touchdown bear-

ing clearances being set at assembly.

The touchdown system must be capable of absorbing the impact at touchdown,

and also capable of dissipating the energy in the wheel. The use of Journal

bearings was chosen for the reaction wheel design. A survey of potential mat-

erials was made and a Garlock product, DU, was chosen. DU is a prefinished,

inert, hiBh performance bearing material that requires no lubricant, and _re-

sents no outgassing problem. In this application the calculated llfe is 255

hours at the maximum RWA speed of 1500 rpm.

Normal contact of the touchdown bearings as a sequenced event occurs at

zero wheel speed. However, in the case of unscheduled touchdown at maximum

speed, the wheel energy must be dissipated thermally. If this energy is con-

tained within the volume of a single bearing, the calculated temperature rise

is 38°C; at the upper ambient of 75 °, the resulting touchdown bearing tempera-
ture of 113=C is well within the allowable material limit of 280=C.

The magnetic suspension has a radial stiffness of 19,280 N/m (110 Ib/in.)
and an axial stiffness of 175,000 N/m (1000 ib/in.). The axial stiffness

can be varied from 0 to 350,000 N/m (2000 ib/in.) electronically. The perm-

anent magnets used for the suspension are made from samarium cobalt because

of its reversible, stralght-llne demagnetization characteristic and high in-

trinslc coercive force. This is especially important in the 1-1oop deslgn ,

because the control flux, which goes through the magnet, opposes the permanent

A
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magnet flux when it is desired tc decrease the flux density in the gap. The

B-I!characteristic also enables the magnet to be magnetized prior to assembly

and eliminates the need for keepers. The weight breakdown of the system _s
given in Table 4,

TABLE 4

.5 FT-LB-SEC REACTION WHEELWEIGHT BREAKDOWN

Element Weight Kg (Ibs)

Housing .860 (1.9)

Rotor (including cage) .815 (1.8)
Motor Cage

Magnetic Suspension .453 (1.0)

Motor Stator (2 segments) .272 (,6)

Electronics .090 _.2)

Vent Valve .045 (.I)

Connector .045 (.1) __

2.58 Kg (5.7 Ibs)

SUSPENSION ELECTRONICS

The suspension electronics pr irides control forces to maintain levitation

of the rotor in the axial direct_ n. The main components, as shown in Figure 9,

are the axial position sensor, compensation network, power amplifier, and an

integrator. The primary design considerations are maximum reliability and mln-

Imum power consumption.

Position Sensors

Various types of position sensors are =apable of measuring distances on
the order of .128 to 1.28 mm (.005 to .050 iuch) as required in this ap-

plication. Of these, tht eddy-current sensor offers a number of advantages
mak£ng it very attractive. It has a high sensitivity Frovldlng a good signal

So noise ratio; the sensing probe is small, thus minimizing mounting problems;
and the electronics is ver,, simple.
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In the eddy-current sensor an ac source excites the probe which is simply
a coll of wire oriented so that the induced field intersects the sensed sur-

face. The surface must be a conductor so that eddy currents can be induced in

it. The closer the probe to the sensed surface, the greater are the eddy
currents. An electronic circuit converts the eddy current variation to adc

signal. An ac oscillator excites the probe through a high source i_ped__-.ce.
Th_ voltage across the probe then varies as the probe impedance changes with

the varying eddy currents. The voltage is converted to do by rectification and

filtering. The eddy-current sensor can provide a typical _:tput scale factor

of .3 volt per mil and has good linearity, it is somewhat _ensitive to temp-

erature and excitation frequency changes, bu_ in the closed loop _a_netic sus-

pension application this is not a disadvantage.

Compensat ion

Compensation consists of a lead/lag network which is required to stabilize
the static unbalance in the axial direction. Enough phase lead must be added

: to lift the phase curve up above-180 degrees at the zero dB gain crossover
frequency. Approximately 40 degrees of lead at 100 Hz is adequate. This will

result in increased gain at high frequencies, tending to excite mechanical

resonances. Thus, the lag is used to keep the high frequency gain as low as

possible without introducing excessive phase lag at crossover.

An integrator is used, with positive feedback to minimize steady-state
power consumption and to eliminate the effects of control electronics c,rposi-

tion sensor drift. It operates very slowly so that it does not interfere with

the dominant dynamics of the suspension system. Steady-state coil cur,ents

are _ntegrated and added to the position signal, thus moving the position com-
mand to a point where the rotor is at a force equilibrium with the permanent

magnet forces. At this point no coil current is required.

Power Amplifier

The power amplifier consists of a linear power bridge which controls cur-

rent in either direction through the coils in response to the compensated po-

sitlon error signal. A current feedback loop is incorporated because the

magnetic force is provided by current rather than voltage. A high gain loop
minimizes the effects of coil inductance.

The amplifier operates from a +28-volt dc power source. A small _+8-volt

" : power supply is included in the suspension electronics for the I.C. operational

_ amplifiers. The use uf this supply is _elected over the more conventional
_+15volts to conserve power. Each operational amplifier uses less than 5 mw

. of power. The power consumption of the suspension electronics with the wheel

at operating speed is .4 watt. Some power, about .I watt, is lost due to
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pickup of rotoz frequency by the suspension electronics. Thus, th= total

standby power loss is .5 watt. The lift-off power consumption is 8 watts.

The electronics is packaged in three cordwood modules within the wheel

' housing. Since there is no thermal dissipation or severe vibration, the modules

are not embedded with epoxy, This minimizes the weight of the modules, to about

.023 Kg (.05 ib) each.

CONCLUSIONS

The application of magnetic suspension to spacecraft reaction wheels offers

several advantages as compared to conventional bearings, arising from the con-

tactless load support. These advantages are: lower drag torque 70.7 x 10-6

N-m/t000 rpm (.01 oz-in./1000 rpm), no lubricant required, the lack of any wear-

out mechanism provides virtually unlimited life, no increase in power at low

temperature, lower steady-state power, no single point failure mechanism in the

unit (with redundant suspension electronics and spin motor), launch loads are

not taken by the on-orbit bearing surfaces, and the unit is unaffected by vacuum

operation.

The design is competitive with ball bearing reaction wheels in terms of

weight and power. All the concepts used in the reaction wheel design have been

either utilized in flight hardware, or, as in the case of the magnetic suspen-

sion, have been demonstrated in development hardware. The sensitivity of the

design to peak motor power ks .136 Kg/watt (.3 ib/watt) and to momentum,

.803 Kg/N-m-sec (2.4 Ib/ft-lb-sec).

The advantages of magnetic suspensions summarized here apply to other mom-

entum devices, such as bias wheels and energy wheels.
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APPENDIX

_Le design of a magnetic suspension model and its principal test results are

described in this appendix. The model (photograph, Figure A-I) employs the radial-
passive, axial-active, 1-1oop suspension configuration shown in Figure 6. The model

incorporated the suspension e_olved in the reaction wheel design. The model was

different from the configuration of Figure 7 in that an existing non-segmented ac
induction motor was used rather than the segmented motor, no cover was fabricated,

and the electronics were external, in breadboard form. '_wever, the suspension

system was the same as that developed for the reaction wheel design, and the re-

sults are therefore representative. The axial control system utilizes a single
lead-lag network for compensation, with a current amplifier to drive the control

coils. Provisions were made for tests with or without the positive integral feed-

back technique. An eddy-current proxlmitor was used for axial position sensing.

Slldlng-contact touchdown bearings made from a teflon-based material wereprovlded.

Test Results

The test model has been successfully levitated and operated at speeds up to
3200 rpm (design speed being 1500 rpm). Successful operation of the touchdown

system has also been achieved over th_s speed range. Very stable suspension has

been attained, with minimal power loss under both ambient conditions and steady
external loads, achieved by the use of positive integral feedback of control
current.

The measured model characteristics are summarized in Table A-I.

TABLE A-I

ONE-LOOP MODEL CHARACTERISTICS

Momentum (1500 rpm) .19 N-m-see (.14 ft-lb-sec.)

Drag Torque Coefficient 10.6 x (N-n,/1000 rpm (.0015 oz-in/lO00 rpm)
10 -6

Stiffnessl

Radial (each end) 17,500 N/m (100 ib/in.)
Axlal Unbalance -250,000 N/m (1430 ib/in.)

J

i Suspension Power

Lift Off 12 watts

Operating .5 watt

Rotor Weight 0.68 kg (1.5 lb)
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The net axial stiffness and damping were continuously adjustable, depending

on the feedback gain settings. It was vossible to overate from both control coils

simultaneously (series or parallel), or from only one coil at a time. The

frequency response was in good agreement with analysis.

The tests have demonstratea the viability of the one-loop suspension concept '

and its application to reaction wheels.

z
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17. USE OF COMPUTER MODELING TO INVESTIGATE

A DYNAMIC INTERACTION PROBLEM IN THE

SKYLAB TACS QUAD-VALVE PACKAGE

By Raymond J. Hesser and Robert Gershman

Propulsion/_iechanical Department
-- McDonnell Douglas Astronautics Comp'_ny

Huntington Beach, California

SUMMARY

This paper describes a valve opening-response problem encountered
during development of a control valve for the Skylab thruster attitude control
system (TACSL The problem involved effects of dynamic interaction among
valves in the quad-redundant valve package. Also described is a detailed "
computer simulation of the quad-valve package that was very helpfulin
resolving the problem.
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INTRO DUG TION

The Skylab thruster attitudecontrol system was a cold-gas blowdown
system using nitrogen as the propellant. Flow to each of th_ six thrusters
was controlled by a quad-redundant valve package, as illustratedby the
schematic in Figure I. A sketch of the Skylab showing the location of the
TAGS control valves and other components is shown in Figure 2.

" The TAGS control valve had to be designed to meet a unique combination
of requirements that included very low leakage, high flow rates, a wide

rang_- of operating pressures and temperatures, capability to operate down _
to zero pressure, quick response for both opening and closing, limited cur- _
rent draw, and capability to withstand launch vibration loads. The allowable _ _.
leakage for the valve had to be consistent with the nine-month duration of the _
Skylab mission and was set at 2 scorn. Since the TAGS was a blowdown sys-
tem, and since it was desirable that all the loaded gas he, usable, the valve

was required to operate with inlet prel_sures raLging from O n/m 2 to 2, 2 x 104 u/m _

(0 to 3200 psia}. A wide range of operatL_ mmperatures -66 o to +93 ° C (-180 ° to "_
+200o F} was also encountered as a result of the SkylabVs solar-insrtial attitude,

,. _ since three of the TAGS thrusters were mounted on the solar side of the vehicle
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and the other three were on the antisolar side. An opening response requirement of
46 ms was established for cempattbility with the control sybtem.

This combination of requirements precluded use _f any off-the-shelf
valve and led to the design shown in Figure 3. The valve was a pilot-
operated solenoid type constructed of stainless steel with integral mounting
provisions. A small pilot valve, integral a,,d coaxial with the main poppet,
was used to control pressure forces for opening and closing. The pilot
poppet and main poppet were linked so t.zat energizing the solenoid coil would
create opening forces sufficient for full opening of both poppets at low pres-
sure. In th_ closed conditior:., both poppets were pressure-unbalanced close-_
to assure leak-tight sealing.

Development of this valve was a difficult task, but the process led to
some rare insights into operation of this type of component.

VALVE INTERACTION PROBLEM

During devempment testing, it was found that when four valves were
operated in the quad (series-parallel) setup, the opening response of the
downstream valves was very erratic, sometimes to the point of not opening
at all. The same behavior was observed with two valves in series, but not
in single..valve operation.

: Figure 4 shows data on valve current and valve outlet pressure (thruster
chamber pressure) for an _bnormal series-valve opening case. Normal
opening data are also shown for comparison. It can be seen that in the
abnormal case, the pilot _alve opened normalb/ and the main poppet started
to open, but then closed. The downstream valve would usually (but not
sly ays) open within 10O ms, but since the Skylab control-system computers
sent out 50 ms pulses, this delayed opening was unacceptable.

The opening anomaly occurred in about one quarter of the pulses, with
the frequency of occurrence varying from one set of valves to another. The
frequency appeared to be independent of whether one or both legs of a quad-
valve package were operating, but the problem disappeared completely when
the upstream valves were held open and the downstream val,es were cycled

. individually. T},e anomaly was also strongly dependent on pressure, being
more prevalent at higher inlet pressures.

The investigation o_. the erratic opening problem included extensive
valve testing under a variety of operating conditions and a detailed examina-
tion of several of the valves that exhibited the anomaly. Also, since the
problem apFeared to involve interactions between the, upstream and down-
stream valves for which no qualitative explanation was evident, it was
decided to prepare a computer model of the quad-valve package that would
be capable of qimulating the motion of all *_hree moving parts in each valve.

,: 23t.
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COMPUTER MODEL

A block diagram of the TACS valve digital computer model is shown in
Figure 5. The model simulated the electrical, mechanical, pneumatic, and
body forces on the moving parts (Figure 6) of each valve. The gas-flow
model is shown in Figure 7.

The subscripts of the model variables were chosen so that each valve
could be modeled to conform to a unique set of design parameters. This
permitted investigation of the effects of variations in orifice size, solenoid
air gap, piston stroke, etc. from ,alve to valve.

Real-gas properties were considered using a special subroutine based
on Reference 1 to determine the effect of the changing thermodynamic
properties on flow rate and compressibility. In regions near the critical
point, the real-gas flow rate and compressibility differed from a perfect gas
by more than 40 percent.

The nonlinear effects of electromagnetic iron losses, back EMF, and
hysteresis were also included in the electrical portion of the model. An
electromagnetic circuit algorithm based on methods from Reference 2 was
included. The mechanical portion of the model took into account the effects
of external acceleration loads as well as sliding friction forces on the motion
of the valve parts.

A modified backward-difference extrapolation integration technique was
used for all the state variables in the system. A digital algorithm that
monitored the mechanical motion of the tbree valve parts was used to keep
these parts within the specified design travel limits for each valve. When a
specified travel limit was reached, the program integration was recycled to
compute a collision us:ng a specified coefficient of restitution.

RESULTS OF VALVE INVESTIGATION

The valve investigation disclosed two possible causes of the abnormal
behavior described above. Testing showed that a small amount of leakage

past the lip seal (Figure 6) existed in all valves. Itwas hypothesized that the

pressure surge from opening of the upstream valve caused a cocking of the

poppet that could increase this leakage to the point where drainage cf the

volume behind +.hemain poppet would be too _low to permit immediate opening.

The second possible cause was bending of the small flange attached to the

plunger (Figure 8). Disassembly of the valves that exhibited problems showed

the downstream valve flange to be bent in all cases. The bent flange would

interfere with valve opening, both by reducing pilot valve flov'area and by
leaving the flow passage through the main poppet open. It was believed that

the flanges became bent as a result of a testing procedure in which the down-

stream valves were held open while the upstream valves were cycled. (Jnder
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this condition, the pressure surge from upstream valve opening would push
the main poppet against the flange. This situation could be relieved by add-
lug a stop to prevent the main poppet from contacting the bottom of the flange
with the plunger at maximum travel.

Further test:rg of the valves revealed that the problem could be
alleviated by delaying the opening of the upstream valve relative to the down-
stream valve by 5 to 10 ms. This phenomenon also defied qualitative
explanation.

COMPUTER MODEL RESULTS

The computer model was refined until it could accurately, predict normal

valve operation, as illustrated in Figure 9. It was then used to investigate ..

the effects of lip-seal leakage ant: bent flanges on valve operation. The model
verified that both of these mechanisms _ould lead to the anomalous behavior

observed in tests. Figures I0 and II show computer results for single-valve

(upstream valve held opcO and series-valve operation fox a case in which the

downstream valve had flange bent back by 0.0203 cm (0.0,98 inch). Single-valve

operation is shown to be normal, but the series-valve results are similar to

the data in Figure 4. Figure 12 shows the results of adding a 10-ms delay in

upstream valve opening for the case covered by Figure II. The model pre-

dicted that this would allow the downstream valve to open normally.

: The data on pneumatic and electrical forces obtained from the computer
n_odel provided an apparent explanation for a valve that would not open prop-

: erly in the series case but functioned nor_nally in the single- and delayed-
_pstream-valve cases. In the series case, the upstream valve would open
first as a result of having a smaller pressure differential across it, This

would cause a pressure surge against the downstreanl main popper that would
: push it open before the solenoid current buildup could provide enough force

to compress the outton spring at the top of the solenoid plunger. The surge
on the main poppet would push it away from the plunger flange, thus opening
the inlet to the volume upstream of the pilot and concurrently closing the
pilotpoppet. When this occurred, the pressure inside the volume upstream
of the pilot would increase rapidly. The mare poppet would then close, and
the draining of the volume behind it would be recycled, but this time from
the high surge pressure rather than from the initial pressure level. The lip-
seal leakage, or the inability to open the pilot fully due to the bent flange,
would then delay or prevent main-poppet opening.

In the single-valve and delayed-upstream cases, the simulations showed
tha_ the solenoid force would build up to a level where the plunger could com-
plete its movement before the main poppet could move away from it, thus
avoiding a pressure buildup in the volume upstream of the pilot that could
push the main poppet _:',_ sed.
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( RESOLUTIONOF THE PROBLEM

Because of pressing schedules, it was decided to incorporate remedies
for both potential problem mechanisms into the valve and also to add a
timer to delay upstream-valve opening. A redundant seal was added at the
point of suspected lip-seal leakage, and the computer modet was used to
optimize a poppet stop that would prevent bending of the flange (see Figure 13).
Because of tolerance buildup, it was necessary to restrict main-poppet mo'-e-
ment severely to assure that the poppet would not contact the flange. This
caused concern that _he pressure drop across the valve would increase _
excessively, but the computer model showed that excessive pressure drop
would not occur because the main poppet had been only about half open at
steady state without the poppet stop (see Figure 14).

After incorporation of these changes, no additional response problemsJ
were encountered, and the TACS performed perfectly throughout the 9-month

Skylab mission.

CONCLUDING REMARKS

This effort proved the value of detailed computer models in dealing with
complex component development problems. The model described here was
also useful in resolving a later valve-test problem (in which an upstream
valve was damaged by backflow when another thruster was cycled) and in
providing flight-performance predictions.
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t 18. MODERN MECHANISMS MAKE MANLESS MARTIAN MISSION MOBILE --

SPIN-OFF SPELLS STAIRCLIMBING SELF-SUFFICIENCY

FOR EARTHBOUND HANDICAPPED

By George N. Sandor, David R. Hassel
and Philip F. Marino

• Rensselaer Polytechnic Institute

SUMMARY

Spor_soredby NASA at Rensselaer Polytechnic Institute in Troy, New York,
under Mission-HardwareResearch Grant No. NGL 33-018-091, en annually changing
grou_ of undergraduate and graduate students under Dr. Sandor's direction b_ve
developed concepts for three wheel chairs, progressively improving designs ;

, a proposed ,mm_med roving vehicle for the surface exploration of Mars and, as
& spln-off, have generated a concept for a stair-climbingwheel chair. The
mechanisms employed in these are described in this paper. The Mars mission
is envisioned using the booster rockets and aeroshell of the Viking missions.

INTRODUCTION

Rensselaer Polytechnic Institute's (RPI) first concept was a four-
wheeled dragster-like rover with the weight of a single payload package car-
ried largely by the driven rear wheels (refs. i-5, 8, 9,and 11). The un-
driven front wheels, which were well ahead, served for "wagon steering" and
for obstacle detection. In case one or both front wheels dropped in a cro-
ruse or over a ridge, the vehicle would stop and perform an emergency
maneuver extricating its front end frnm the obstacle.

The wheels were a new RPI design: "toroidal" all-racialelastlc wheels
with crcsswlse hoop-spokes hinged to, but spaced apart from the flexible,
l_ousered rim, which provides for a large footprint and avoids "stone-
c:ushJmg" between rim and spokes (refs. 6, 7,and 12).

t

The second-generationvehicle could be folded to abou_ two-thirds of its
length for latmch, with the payload at one end.

MECHANISMS OF THE MARS ROVER

RPI's present thlrd-generationMartlm_ Roving Vehic,e (MRV) design is a
four-wheel, single payload vehicle. Its demonstration model is shown in the

ORIGINblPAG_ 11 247
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folded "launch-and-land" configuratlcn in Figure 1. When fully deployed,
( approximately 70% of the veight is carried on the driven rear wheels, assur-

ing good traction.

To fit inside the existing Viking aeroshell, the vehicle is much smaller

in the folded configuration than in its roving mode. This collapsibility
allows a relatively ]arge volume for the payload of the vehicle and a larger

vehicle wheelbase and wider track than would otherwis_ _. possible. Once on

the surface of Mars, the vehicle must be abl, to deploy itself into the roving

configuration. As will be seen, th_s is accomplished by the use of motor and

gear assemblies which are used for other purposes during the vehicle's roving

phase. Thus no additional weight and complexity is required for self-powered

deployment.

RPI's MRV is capable of raising and lowering the payload m_d changing

the payload attitude by the use of two motor-gear assemblies within the ve-
hicle. On the demonstration mode], each of these consists of an intern%fly

geared permanent-magnet "pancake" motor working with a worm-and-gear pair
(Fig. 2). These two assemblies centre] rotation between the front section

of the vehicle and the payload box, and rotation between the rear struts and

the payload box. The rear struts ar_ rotated by a torsion bar running across

< the payload box, keyed at the center to the smaller worm gear in Figure 2 and
driven b_ a worm mounted in bearings attached to the gearbox floor. Each

half of the torsion bar provides elastic suspension for its respective rear

strut. The front section of the vehicle is rotated b),a sp]it torque-tube

concentric with and surrounding the rear-strut torsion bar. the rigbt and
left sections of the tube leave room for the worm-gear mounted in the middle
on the torsion bar. A rigid inverted U-shaped crossover piec( .onnects these

: two half-tubes (Fig. 2), lending torsional rigidity to the assembly of the
right and left tubes. Both half-tubes are driven simultaneously by a wo1_r,-

gear mounted to the right side of the U-shaped crossover as shown in Figure 2.

When roving, directional control is accomplished by "wagon steering" of _
the front axle, w_icn rotates about a single vertical axis at its center

(Fig. 3), turned by a worm-and-gear pair powered by an internally geared

permanent-magnet motor. A precision potentiometer senses the position of the
front cxle and feeds thi) information back to the steering and Tear-wheel

drive control systems of the vehicle. The individual rear-wheel drives ad-

just tb.eirspeeds to match the turning radius. When the front axle is tulqted

90° from its straight-ahead position, the rear wheels are driven in opposite
directions and the vehicle can swing around with the center of turn at the

mid-point between the two rear wheels.

Four-Wheel ground contact on rough terrain _s assu.'ed: the front axle
•swings about a horizontal pivot. Its swing is centered and limited by steel

bands and leaf springs (Fig. 3).

The entire frottt axle and steering system is mounted on a horizontal-

transverse shaft and can be rotated to any position within an arc of 240° by

a motorized worm-m,d-gear pair (Fig. 3). This extra rotation (so-called _ ;

"flipover") capability enables the front axle to flip to an "up" or "down"
!
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position and kee l) it.q z,.-, ci,....._ .he attitude of
the front struts.

Ti,e front all,| _c,, .'I i,, ,-..... t ,Xle flipping

system assist in dcplo:.i._ t,, _i:_ i : .... , : .,.,,-land configura-
tion. They also enable th ,,_ i.i. , _.._ .... flip-over maneu-
ver. In addition, the., r, tcid., a ..... _ .... chicle to climb

up a step which is higl.cr t]i.,n oil. ];t i :,

As can be seen in i i::,_,-._ _, , .... ;. :. ,,t the begi,ming of

the deployment sequent, , the _, .... t -t,.._ .. , ,_ i t. permit folding.
The locking m"_c_,alism ch_,scn to k.:_.,, ':. , i ,.ci.loyed position
is a spring loaded lockiag t:,,_tvl .,-,i .._. _, :,, ',hich fits within

: the hollow square-tul,c iroi,t 31rc_ I. ... -:_ The plunger is
automatically released and i_,cks _l,t-_ tl, (:, ' :, .t .'t .lation reaches a
straightened-out position (I ig._. ?,b a:. _,.

To deploy the frollt section, lh,.. l ....... ,. ..... tit _.Jc motor (Fig. 2
front) is utilized to drive the r,.ar vc, ,_t ,,_ tl,.- l, ,, ,,,',t strut forward
while the front wheels roll for,,:ard ..... t_,, ._.... _.._ (, i_;s. ;" and 8). This

straightens the f.-nt stnlts to a pos_tio,i _,a.:.c, ,t,. a;acmatic latching
devices (Fig. 5) 1,,ck the arti_.ul.,tic., Ja _hc : t...,lvLtc"_c'd-out position
(Fig. 9).

The front axle flit;pin_. _:_,__c._ ti_ ....... ;....... i_ l,clween the front
struts and the axle to its nomaal , !ttt,,dt ;.iti, ':.,...:e,.r,ng axle vertical

(Fig. 3).

To deploy tit ` ,'cLtr _,'h_.c.l._, tlic I1_,[ :.,, .... t i :,,1_ t,l,l,tt ,.,at-wheel pro-

pulsion drive motors arc. actuat..d i:, IJ,_ l, ,.,_, : ,!i., _, ,a As the rear
wheels roll on the g;-otmd, the: ._lraighl, n ,,_J t,,,..,_tic ,!atcd rear struts

(Fig. 10), while tl:t. payload box .,,til_ ,_st., _,, ,>, .4,,,,md. Once straightened
out, the rear st_ut articular ion hlng._:, circ 1,_, 1_ t _n th,' extended position

2 (Fig. 11).

On the demonstration model, ,.,,.a_,,,.,i _.. _ _ _..... _,t ,,,d ,aaneuvering are
sent to the vehicle _.'om manned t'tdl_,_.lt ' i. ,. ,,_ _ ,,,lie, link. They are
received on the de,nonstratiort ,.,o&l 1,, .,_i ,,_ ..... I ,a.'_,, _cc,..Jver and control

system. The deployment com,namts nccc,.,,,," t ,:,,l'_ld thc ,'ehi:le and make it
ready for rovin_ are .q,_cnccs of comnmn,l., ,;,,t ,.,!I,' ,,_c( in roving, For ex-

ample, to deploy th _ _,'hevts, the rcar l,,_>ioli ba_ i,otor is commanded to
drive the rear wheel .,award inI_ ,-u_att _,:',q I_,c st_r,::,ce, stone as would

be used t- raise the payload. 'l'l_t'll boll ,t- ,,- ,!,,_.t, a,r, , ,remanded to roll
forward at low speed, thus swingifie ,],," I,_,_:. _ l',rl ,,f _t,c rear struts for-
ward and locking them into lmsil:.m (_g:. 1,) .,r%,I Ill
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By driving both front and rear struts downward, the payload is now
raised off the ground and the vehicle becomes f,'lly operational (Figs. 12
and 13).

EMEPGENCYb_'qEUVE R

A useful feature of the RPI-MRV is its ability to extricate its front

wheels from a pit or depression. If the front wheels are driven over the
edge of a cliff, tile vehicle lifts both front and rear sections off the
ground while the bottom of the payload rests on the ground. The front and
rear wheels are interchanged by swinging the struts overhead (Fig. 14). Once
this interchange is completed, all four wheels are once again on solid ground,
because the rear struts are much shorter than the front section, and the ve-
hicle can drive away from the edge of the cliff.

THE RPI WttEEL

The RPI-M?V's all-metal elastic toroidal wheel is shown in Figure 15

(refs. 6, 7 and 12). Large footprint and elasticity of suspension is
achieved by hinged connection_ between the hoop-shaped sprirg spokes and the
flexible rim.

A "SPIN-OFF": STAIR-CLIbIBING WttEEL OIAIR

One of the most interesting s_in-offs of the RPI-b_V Project was the

_lopment of a design concept foi , _air-cl_mbing wheel chai_ (refs. 13-
• At a previous presentation conce_aing the Martian Rover (ref. 3) a

member of the audience suggested the possibility of adapting its unique
undercarriage to a stair-climbing wheel chair. The suggestion was welcomed,
and resulted in a preliminary proposal in the form. of a paper oJbmitted to
the Medical Society of the State of New York (ref. 15). The publication or
that papor (ref. 14) resulted in nt_erous inquiries directed to its author,
Dr. G. N. Sandor. Noting this interest, Dr. Sandor took this idea to one of
his classes and proposed that the class take on the development of the de-
sign concept for the "stair-climbing wheel chair" as a term -roject. The
response was enthusiastic, and work began in February 1974.

The idea of a central pivot and four struts was adopted directly from
the rover. The flexible wheel (Fig. 16A), however, was deemed impractical
for stair climbing. The problem encountered was ore of approaching the first
step• It was felt that the step would have to touch the wheel somewhere be-
low the point at which a tangent to the wheel ma_e a 45* angle with the
ground. Such a wheel would have a minimtm diameter of about 30". Four 30"
wheels did not seem practical. An alternate solution was to provide any de-
sired attack angle by means of a track {Fig. 16B). At the right side of this
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( figure there would be internal guide wheels at top and bottom. Changing the
relative positions of these two wheels allows generation of any attack angle
desired. Figures 16C, 16D and 16E represent three other solutions which were
proposed. Figure 16C i_ the "lobed wheel." This particular shape is one
used on a prototype stair-climbing wheel chair built several years ago. Fig-
ure 16D is the "cam wheel." The cam, on the left, contacts the step and
lifts the wheel up behind itself, then folds away and allows the wheel to
roll. Figure 16E represents three versions of a dual-wheel concept which
arose halfway through the project. In the "irst version, the two wheels turn
about their own axes and also about the pivot between them, similar to a
lobed wheel with 2 lobes. In the second version, the auxiliary pivot is
moved out from between the wheels. The rightmost wheel would rise, _ng_ge

the next higher step, lift the whcle chair one step, roll forward, and repeat.
Version three has the same action, asing linear actuators or hydraulic cylin-

ders to provide the lifting action. In evaluating the mechanisms, "A" was
¢onsidergd toc big, and "C" was deemed unsuitable for varying stair sizes.

"D" and "E", although of reasonable size and excellent adaptability, were
thought to be much more complex than a track and were held in reserve in

case a suitable track brought on too many complications of [ts o_m. It was
decided that the individual inventors (student members of the class) would

pursue the concepts represented by Figures 16D and 16E, and the rest of the

group would set to work on a track-t)_e stair climber, with two 5 to 4 inch
wide tracks, one on each side.

At this point a i/6-scale plastic and balsa wood model was constructed,
resembling Figure 17. Using this model as a rough guide, eleven teams were

formed to tackle various aspects of the design. Some of the best technical

solutions came from team members who were also "Martians," that is, involved

in the Martian Rover Project. The resulting design is shown in a simplified
form in Figure 18.

-%

DESIGN CONCEPT OF THE WHEFL CHAIR

The fully mo6orized chair would be lO.1 centimeters (42 inches) long and
6.h centimeters (25 inches) wide overall, aboat the size of present conven-

tional wheel chairs. Seat height woull be variable by the occupant at will

from the height of a normal chair to a height at which a person in the chair
would be at eye level with a standing person. This restoration of the verti-

cal dimension of mowment is highly desirable to the disabled, especially when

he confronts a pay phone, supermarket, library,or overhead kitchen cabinets.
Vertical movement is accomplished by pivoting the main struts. In doing so,
the inner, or level-travel wheels lose contact with the ground and the chair
rests on the stable wide stance of the tracks.

CLIMBING STAIRS

In public buildings, stair climbing between floors is usually made um-
necessary by elevators. Getting into public buildings and private homes is

,"............"I ........... :........7"............. I'..... "..... -'--'----"?" ...............""'-'-T .......... T .....................1 ................... T- ..... ".....'T" "
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another matter, t_owever, l'hcrc is invariaLly a curb between the parking lot
and the entrance sidewalk and building entrance. The more athletic wheel

1[ chair users can jl_npcurbs, bltttwo or three steps might as well be a locked
and barred gate to a conventionalM_eel chair user. The stair-climbing chair
will tackle 5 or 6 inrh c,)rh_ .I}e_,t r.n. _tairs will be climbed backwards, to
keep a low center of gravity.

i

I)I:SCI!NI)IXGbTAI t{S

Descent gives rise to the wheel chair user's greatest apprehension and
fear of falling. To overcome this. the chair will face downhill giving good
visibility, which is reassuring as wel: as neces._ary in avoiding loose ob-
jec*s. To assure sufficient stair clearance, two four-bar mechanisms were
proposed which retract the inner wheels when the chair support strut is

moved fully rearward for :;tair climbing or descending. The mechanism for re-
tracting the fr.J,L c_ctred wheels, shown schematically in Figure 18, is de-
tailed in FJ sates 19A and 19B. Figure 19A represents level travel and 19B
shows the whee2 retracted as in Figure 18.

DRIVE SYSTEB_

Two separate drive systems were incorporated. The track-drive motors
will be hub-mounted in the forward track guide wheels and have manual shoe
type brakes. The level drive, in the configuration of Figure 17, would be
powered at the two rear wheels, steering by varying the speed ratio of the:e
wheels. By driviltg the two rear wheels in opposite directions, a turn in
place can be accomplished.

The strut pivots of the Martian Rover used nearly sei, '_cking worm
gear:. To keep down weight and expense, while improving efficiency, a gear-
mote, ("M" in Fig. 19C) an6 spur gear combination was found which met the
torque and power requirements. The motors would fit inside the aluminum box
bemr, struts (Fig. 19C). A small, low-torque brake, mounted on the free end
of the motor re+or shaft, would provide locking action.

Chair leveling is to be accomplished by the combined motions of the
chair-support strut and a motor-driven ballscrew connecting the side of the
chair to a pivoted nut on the chaix support strut (shown in Fi_. 18).

It i3 thought that the chair itself, the speed control system and the
power supply could be adopted with minor alterations from pres(nt electric
wheel chairs. 13aetrack, struts, chair-leveling mechanism and wheel retrac=
tots are all unique items which need to be tested in a protot)q)eto confirm.
estimated power, strength, and dimensional aspects.

2,52
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In addition to the purely -":,_.-".'::+i ..l +u;.-_+,.t:,+.fthe design, some work was

clone evaluating the dyna_+ic st-.+Li]i.'.y,,f"t+.+:u_++"+i./+tew+hicle with the turning

radius, speed and surface in_il+,+a_i_m "_+,:,,':++':,++,+rs.ir,zs wor_ governs opti-
mization of the wheel b+%se ahd ",,he_-i+++',_uh,+]',e:sions,

The human side of _h,++ pr_._]el:.w_s ,-,,:+_i]-+_-c4uarly in the project and was

a governing consideration th+_ouC!out, c_:: _+,+:;wurv re-:dewJzh professional

rehabilitation personnel, pct._+':'i,,,lV,,L: :+: u,::!' te'+tiu/ users. These con-

facts showed the,t once a _r,jtoTy[u is _"_io, "+.!%rge effort must be devoted to

assuring adaptability of t}.e -I....i_.: "_ ,-[artluuiar user's abilities and dis-

abilities. Careful consideratl,u .+h_4th+_ ,']veU to 'operating characteristics

and aesthetic appearance, thus f+'_oilitati:_- %_ctlt:_n;_'eby the user as well as

by _ne general public.

The idea of a stair-climbi'o wheel zhair, _'_-ilenot unique in itself, has

inspired some very original meciu,mis::iswiivh .hop_fu/ly may make this stair

climber the first to gain wide aeczptance. 2n rehabilitation work, a distinc-

Zion is made between the disabled and the h_,++,dicapped. A disability is only a

handicap to the extent that it prew mts a person from being a full participant

in society. A handicap is imposed _,d may be removed or overcome. The pur-

pose of this wheel chair would be to remo_,e such handicap.

A(,_i+_)_/,,t t u. _E[;T

++ The authors wish to express tnelr appreciation for the sapport of the

Mars Ro_ring Vehicle project _mder NASA G_-ant No. NGL 33-018-091 at Rensselaer

Polytechnic Institute, sponsored by the bruz,cn of NASA in charge of new m_s-

slon hardware developmen z headed by !,It.P_ul Tara,or.

Both the Mars Rover and the staJ c-cli:,_4ng wheel chair design had many

contributors among RPI's students: tvn ,>r mo?'e on the Mars project and fif-

teen in connection with the whuel c},,lJr. 'Ph<ir cnzhusiasm and youthful energy

were inspirations to the authors.

The first author wishes to _c_inowledge the _ponsorship of the Alcoa Fottn-

darien in support of his chair, the A]co:_ Frundation Professorship of Mechani-
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All three authors are indebted ix, I!rs. Frances K. Willson for suggestions
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Figure 1. 91 _ deuonstratlon _odeX In folded "launch _md land"
configuration.
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Figure 2. Strut-rotatlon gearbox in center of payload box.
Rear strut worm gear at left, front strut gear at

"_ right, pancake motor in front. Similar pancake
: motor, h_dde_ in back, rotates rear struts.
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Figure 3, Front end of the RPI MRV with "flip-over" worm

and worm gear (left_ and steering gear (center),

Figure 4. Side view of the MRV demonstration model in the first

stage of deployment from its folded launch-land con-

figuration, _howing articulation of front struts. _ne

front whe_s are at the right.
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Figure 5a. Close-up of mechanism in unlocked position showing
spring loaded locking plunger an_ release member.

Figure 5b. Front strut articulation an,_locking mechanism in lo=ked
posi=ion (top) and before locking (bottom).
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Figure 6. The front strut articulation hinge in the straightened-
out position, locked by the square plunger inside the
square-tube frame member.

Figure 7. While the payload box rests on the ground, deployment
starts by rotating the rear section of the articulated
forward strut clockwise as shown here.
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. Figure 8. With the payload box still on the ground, the front -.ruts

are approaching the locking position while _he front wheels

roll on the ground in the course of deployment.
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5 • _ V .Figure i0. The P.I'!,,Ir_"[r_ tl_eprocess of "walking" the rear
: whee]._ _r_.n "olded into deployed position. The

_,.w!,v_!!,_ ;....tJ!] re_:ting on tileground.

% _" .'\ ', - -- : '

Figure iI. After _-(,,_,_l,,tir,o ti,_rear wheel deployment, the MRV
is ,,:,.Ivr,, _;_t tt_: payload box off the ground.
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Fig_ce 12. The front struts have been rotated downward, lifting
the front of the payload box off the ground.
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Figure 13. Rear struts having been rotated downward, the payload
box Le off the ground and the RPI MRV is fully deployed
in the roving configuration.
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Figure 14. The RPI MRV executin8 a_ emergency maneuver. The
i £ront and rear struts aze exchanging positions..

clearing each other _s they pass overhead.
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?igure 15. The RPI "all-metal e_astic" torotda_ _hall.
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19, LOADCELL SUPPORTS FOR A DYNAMIC FORCE PI.A_'E

By C. W. Keller and L. M. Musil
Lockheed Missiles and Space Company, Inc.

Sunnyvale, California

and

By John L. Hagy
Shriners Hospital for Crippled Children

San Francisco, California

SUMMARY

• n aT_paratus was developed to accurately measure components of force
along three, mutually perpendicular axes, torque, and the center of pressure
imposed by t.e foot of a subject walking over its surface. The data obtained
are used to supplement high-speed motion picture and electromyographic (EMG)
data _or in-deptl" studies of normal or abnormal human gait. Significant fea-
tures of the design--in particular, the mechanisms used to support the load-
ceil transducers--are described. Results of the development program and
typical data obtained with the device are presented and discussed.

INTRODUC TION

Since 1965, a group of orthopedic surgeons, medical researchers,
and a.-rospace engineers have worked together* to develop and perfect the
equipment and techniques needed to thoroughly characterize and quantitize
human gait parameters. Early efforts by Sutherland and Hagy (Ref. 1) were
focuJed on the use of high-speed motio_ picture cameras and a multi-chan-
nel EMG system to acquire data on angular motions and neuro-muscular
activities of the lower extremities during walking. As these efforts progressed,
the need for force, torque, and center of pressure measurements which were
correlated in time with the motion picture and EMG data, became increasing-
ly obvious. Consequently, in 1971, a device designated as the DTnamic Force
Platet was conceived and built. With this de _.ce, precise measurements of

*The work des'c'ribed'herein was sponsored by the Shriners Hospital for
Crippled Children, San Francisco, California

tU. S. Patent pending. Development models are currently in operation
at Shriners Hospital, San Francisco, California; the Mayo Clinic,
Rochester, Mlrmesot:; and Children's Health Center, San Diego, Cal-
ifornia
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vertical force, forward-aft shear force, medial-latercl shear force, torque,

E and center of pressure location are obtained as tractions of lhe percent of
walk cycle (time) while the °,:oject's foot is in contact with the plate.

During the design and development of the force plate system, the
most critical problem encotmtered was that of devising loadcell support
mechanisms which were suitably rigid, yet which permitted the six degrees
of freedom needed to obtain the desired measurements. These supports
were required to provide reialively high load capability, minimum misalign-
ment, and negligible friction. Three different support mechanism concepts
were develcped and evaluated during tbe program. In the chronological
order of their development, these were: (i) sliding friction supports.
(Z)ball-joint/conical pivot supr-.__s, and (3) spherical segment rocker sup-
ports. The latter were found to be superior in terms of accuracy, repeat-
ability, low-frictiox,, low-noise, and high-load capabilities. Moreover,
installation and calibration procedures were significantly simplified with
this design.

SYSTEM DESCRIPTION

The Dynamic Force Plate is show_ in the photograph and cut-away
perspective drawing of Figs. I and 2, respectively. Application of current
aerospace instrumentation technology to the design of the system resulted
in selection of piezoelectric quartz crystal Ioadcell transduc,_rs to obtain
the necessary measvrements. Originally developed for tl,e adverse environ-
ments and demanding re.quirements of unique aerospace a.pp!_cation.s, these
rugged 1oadcells extend heretofore unavailable measurement capah;.l;_tle_
to the medical community. Compared to more conventional strain gage load.-
cells, the piezoelectric devices offer the following advantages: (I) passive
operation (i.e., no active excitation power supply is required), (2) awider
load range for a given load rating, (3) a higher sensiti_,ity due to higher out-

put voltage, (4) ahigher frequency response, (5) ahigher structural rigi- _.
dity, (6) awider operating temperature range, and(7) a smaller physical
size e.avelope.

The particular loadcell transducers selected provide up to ± 10-volt ,

; output signa!s over a load range from approximately 0.09N to Z. ZkN (0.02
to 500 lbf) with a frequency response from near DC (static force) to approx-
imately 200 hz':'. Once installed, they require little or no mai_c:-,,_nce or
recalibration. Output signals are generated only in response to changes in
the applied load; consequently, they are summed electronically using a
charge amplifier in order to determine the total net force applied at any
particular instant in time.

•",'-Th_ v-'_. ue given is representative of the total sy_t,.-m and depends primarily
upon the mass and rigidity of the plate; the upper 1.imit of response for the
transducer alone is 5000 hz.
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Development models feature use of a transparent plexiglas plate in
order to permit photographing of the footprint pressure patterns from be-
neath the walk-way surface as shown in Fig. 3. However, high-load, high-
frequency-response models now being plalmed for use in large animal ga:t
studies will require metal or composite plates in order to accommodate

- vertical forces of up to 17.8 kN (4000 lbf) and to provide system frequency
responses of up to I000 hz or higher.

The Dynamic Force Plate system, as demonstrated by the existing
developmental models, is eminently suited to automatic data acquisition
and modern, high-speed computer reduction, analysis, and display tech-
niques. In the installation at Shriners Hospital, for example, force, torque,
and cente_ of pressure data are recorded, processed, and plotted in en-
gineering units within approximately 7 minutes after any given walk cycle.
This is _ccomplished using an Electronic Processors, Inc. general purpos.e
EP!-118 minicomputer which is connected directly to the force plate system
(Ref. z).

LOADCELL SUPPORTS

Fig. 4 shows a closeup view of one corner of the force plate assembly.
One of tl-e two loadcclls provided to measure forward-aft shear and torque,
and the single !o._dcell used _o determine medial-lateral shear, can be seen

L as installed within the l_-adframe. This photograph, taken looking down on

the device with the cove_ plate removed, actua _y shows the load cells

assembled with the original sliding friction supports. However, it is also

representativ..,of the installation for the ball-joint/conical pivot supports
and the spherical _egment rocker supports developed later. Details of each

of these support mechanism concepts are presented and discussed in the

f_llowing paragraphs.

Sliding Friction Suppo r _s

Exploded views of the shear/torque force link assembly (on the left)

and the compression spring assembly (on the right) are shown in Fig. 5 for
: the sliding frick'on support concept. The force ].inkassembly shovm is

typical for an)"one of the thre_- shear/torque loadcells and for any one o_ the

four vertical loadcells, although detail dimensions do vary for the shear/

torque and the vertical force applications. Each of the three shear/torque

loadcell assemblies is pre-loaded in compression b_, one of the three spring

assemblies provided. Th_s permits measurement of load in both directions

using a single 1oadcell transducer at each location. The output is zeroed
electronically after the preload is adjusted to the desired value.

With this conceph all force link (loadcel_) and compression spring

assemblies are mounted rigidly to the load frame through the threaded

mounting studs. In or:ler to load any given transducer, the pla_ must be

Ires to deflect in the direction of the applied load. This requires sliding of
the micro_eal bearing surfaces normal to the loadcell axis (see detail shown

in Fig. 5) for all of the system transducers mounted perpendicular to the
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applied load axis. A potential error in measuring the applied load is thus
( introduced due to the frictional reactions imposed by the transverse-axis

loadcells. A secondary source of error also results from the side load
imposed on any given loadceli transdu_.-_r due lo tt_c sliding friction.

During the development program, an analysis was performed to pre-
dict the magnitude of potential errors due to friction. A coefficient of static
friction of 0.0Z was assumed in the analysis based or_ a data sheet supplied
by the Microseal Corporation for the appropriate materials and surface
finish. Results of the analysis indicated that an error in a measured shear
load of approximately 17.8N (4.0 Ibf) could occur due to frictional resistance
of the vertical force 1oadcells with a 90.7-kg (Z00-1bm) subject on the plate.
This magnitude of error was considered tc be unacceptable, and the design
of the 1oadcell supports was modified. Experimental results obtained with
the sliding friction support concept showed that the errors in measured
vertical force were not significant, but that those observed for shear loads
were indeed high compared to the range of the expected loads.

Ball-Joint/Conical Pivot Supports

The loadcell support concept shown in Fig. 6 differs from the sliding
friction support concept in that uach loadcell assembly can rotate in order to
achie'¢e transverse-axis deflections. An adapter with a conical pivot is used
in conjunction with a ball-joint swivel to provide the necessary rotational
freedom.

Experimental results obtained with this system showed a marked
improvement in accuracy. Errors due to internal friction within the mech-
aJaisms were reduced to negligible values. However, it was found that the
initial calibration of the system was q_ te difficult due to a lack of axial
rigidity within the neoprene washers used to all gn and cushion the swivel
ball joint. Moreover, the maximum load capability of the system was
limited by- yielding of the conical pivot due to its extremely small contact
al.ea.

Spherical Segment Rocker Supports

The final loadcell support system concept that was evaluated durin$
tl'_ development program is shown in Fig. 7. Using this concept, rota-
tional freedom is provided by spherical segment rockers without sacrific-
ing axial load capability. In addition, the difficulty encountered previously
in calibrating the system due to the lack of axial rigidity was eliminated.
In order to better provide the geometry envelope needed for the rocker
segments, conical disc washer springs were used in lieu of the coiled com-
pression springs.

k
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2he data shov,'n i}-. " ,_-. ,-. ' I", " ' .', :'c c}!}t,tlI_.'d _{} illus'rale the

general capability of fl_c I, .,-,_,. ,.., _ ,.....-;_cz_. 1,..c v ;dk:_ with lke

right foot of one nor:_al s,,D,c.. .c:', .... ..' ._. u ..._._,,- "]-,c loft c pit.'t: system
currently in operalion at S]..ri,.,..P.. ;:,, _ .', 2,,, C:-_pplcd Children, San
Francisco. Since this ;t;,-_,. :_,. ',. i- ,,_,;.:. ,,..i _Ji__., 'I} _,n-linc t(} an EPI-II8

.... "'_ :d qa,.};inc-piol_edminicomputer, the dala ",w',-t "{, ,",.,',, ,'_ .... .: ,, a:
automatically.

In Figs. 8 ti_l',}t._] _, .' ', .,, , ',,' ...... ] *a o_:_,:.nc.d :t'.. ;'.. nominal
cadence of 50 walk Lyclcs p-., :, ',, '. _, :,_ _. "_ed ;:,_ f,:m _i,}P. of per-
cent of walk cycle (time). . ..... i" ,It :. _.,._ .... d ,_s tk{. :,:riod _£ _ime
which elapses between c,ms,,, ._'_.'c : ..... ! <'.'::,-5 ,}f "t ;)a:"tc',.2ar fo{,_ I'u this
case the right foot) :_nd ;s, .I ,.:- ,,:-, .i _,,_o,;t_ .}£ ..talc:ice. As
shown in the figures, _,}:e ::.:'_': ] :., ..,_ - ..2:, ,. • .:'z :.' u "_cr_en: of ',ke ;valk
cycle, toe off occurs (Iyp_,,.ii,) ' .._ ...... , .,_,d _I,c final hoe! ._Irike
occurs at 100 pert_en_. Vc: ":, , . ; ,". , -,'' - ,_-'.. sh,,;,.r .{)*," .,:. ;±nd med-
ial-lateral shear force _,,::_,, ._,._. ,, .- ,'td -:_ i::_s. -: _;.l-o,_}_ 10,
respectively, in terms of ','_c , _ . ,.n' .,: ' ,,d, ,,,.__'i-,_ k_".,:i l_):'ct: "_alues

can be deternxined simpl_ b', _' ,_ ,,' "_ ., :', ,_n_ ,,r body v',,ight ;'aiues
by the actual body we:c},' v.! • " ' '., :,, ,.,r _; .... .,"_,_lar

subject. Torque ,.al,._(.a ,,_',. ' -. ... " _ ;£ , ,::'. '_-) _.: J']F. II.

Inspect.on of _iic {1_' ; ,,, . - "i r,,.,,. ] t :, cais the
remarkable repca_abiti* T- ,_f '.,,-".,,- , ,,': .. ,;-_c_._ ,_{ ':t_ P,ded bv
the foot of a normal s_:b_,_ I ', '}.,. ' :,,', _, :'::,: ._:,, , css-

ire walk cycles. 5t,tdzcs , ,_ . ", "- :_.-..',,'. " ., :_ ._.n,_ivsis
Laboratory have shov._ t.,.-," ",,. : ,' .... ,, _,.:, :" :'i, q_,_e
similar for differon_ ]m,:_.; :} , .. .. -i,. ,, ." ,;' , },..,,"t('evis:ics

can be distinguished bv , ........ ,'. , ,: ,,: • ,i. r,.-' _,_l,.icc:,;, and
even by compario_ th,_s{. {}1..,:_,,,' ,,' "' , : .... " ,_:M _:_r 'l-,, ,'i_}_ £oo', of
a given subject. M._re_,',',.P, _;_,._,i . ,,' , ,t .' ,,,,-, ':.,_-.-,.. },,,_: n,_ed betxveen

normal average plots (_. ,: .... _,.., -.,.:..- ,: '., ,_ ,', , for ,, ,_.i,rcs{:nIa_ive
number of norr',al suhjec'.<) .,_ {: l, ,. ,. ,... -, . .,,;-_.:-_# _}l{,'_._ {)b',:i],, d for an

abnormal subject. It _s _t:is ,. ,.,, t,,.i ,_,, ! .... 2, _ _, ,]_d ...... "..,it, i, dis'inguish
and compare spe.zific delail,_ ,,( _i .... ,,-, _ I _,I :,}m,,r'._,,,! :_...._i_ {ia'a, provided
by the Dynamic Force P1;.t_{: , ,,'._'_..;_, 't,i _, ._i •' "._'cs its ,,re;,, _ ,Ja_ue as a
diagnostic and evahtat_ve t_c,1.

Another charac_eris_i,. ,i.,t _ '""t"" ,,i 't,,: ])yn:,.t.dc For, e t_la_c system
is the center of pressure (C}})-lil:,{ , 1;; ,,},.y. t'it_. 12 sI,,_}x,.,s CP-Tirne his-

tories for the 5 normal-subj(,_ _, v,'_llf. { \,, ]cs 4is_ ,t._sed above. In Ibis graph,
the X and Y coordinate valt.t's refer l_} _l_c i}o._iti,{m of the CP on the surface
of the force plate with respecl to a fixed .,'cft-,r,,ncc point (X=(}, Y-9) at one
corner of the plate, l'er,:ent of x_,tIR , 5.{ l** (li;_,) values arc sl_OWll ill the
circles 2or each walk ,yclo. ,_il,, ,. 11.... ; ,.:,_1 3" coordinaIes ,_rc _ ompuicd
from measured vertical force ,.'al_a,,_, ,',]M s',nt ,' {by d,:fini_ion} the vertical
force values are zero .xt {} ;tnd (,[>.1}erc,.n ', ,,t _hc w,lk , ":'¢It?, thc CP-Time
histories shown range fron_ :Q}pr,)xi_,_,dclv [ It} a:q}roxim;dc, ly 59 percent of
the walk cycle.

OPJG_A,LPAGE IS
OFPOORoALrrg
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CONCLUDING REMARKS

The application of aerospace instrumenta+ion technology to the meas-
urement of body forces imposed on a walk-way d,.,"iugnormal or abnormal

gait has resulted [n the development of a unique p_edical research apparatus.

Using the spherical segment rocker su,_port zr:echanism concept developed
during the program, the accuracy' and repeatab-_lityof the data obtained are

significantly enhanced. Sin_ilar force plaie designs can be developed and
used to obtain reliable gait da,a for other"human or animal studies where

force measurement capabilities ,.[up to 17._ kN (4000 Ibf) are required.
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N76-1919
: 20. DEVELOPMENT OF A BONE-FIXATION
k PROSTHETIC ATTACHMENT

By Lester J. Owens

NASA Kennedy Space Center

SUMMARY

The first of what promises to be a new generation of prosthetic devices--

an artificial limb attached directly to the bone by a quick-disconnect coupling--

_ is undergoing in-place testing at a California medical rehabilitation center.

This paper describes its design concept and development, made possible by

_ multiple spinoffs of a_rospace technology.

;' INTRODUCTION :

'; Man's experience in the design and fabrication of prostheses dates to

prehistoric times, when some cave-dwelling amputee created the first artificial

leg by binding a piece of tree branch to his stump. Since then, and particularly

within this century, many advances have been made in the state of the art.

However, artificial arms and legs of today still have to be strapped or clamped

on the amputee's stump in a manner not unlike that of the olden days.

_ Thus, it was with a considerable sense of challenge that the writer, a

member of the NASA Kennedy Space Center Design Engineering staff, responded

to a request to help design a qulck-connect, strapless prosthesis. The re-

quest was made by Dr. David B. Hartmann, a member of the staff of Rancho Los

Amigos Hospital in Downey, California, during a visit to KSC in March, 1973.

Over a period of years this Los Angeles County hospital has worked closely with

NASA and the aerospace industry in a continuing technological exchange.

Months ago, the hospital's Amputee and Fracture Service chief, Dr. Vert

Meoney, announced that research at the institution had shown the feasibility

of using aerospace-developed biocompatible carbon for "direct skeletal attach-

i ment of llmb prostheses." Heretofore, direct prosthetic attachment had been

thwarted by the body's tendency to reject foreign materials and the failure

of the skin to form a hygienic seal around otherwise compatible material.

Now, the medical researchers hoped for a workable prosthetic design

utilizing a bone-implanted connector accessible through a biocompatible carbon

collar around which the flesh and skin would heal. This led to Dr. Hartmann's #_
request and the launching of the project described herein. _
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CONCEPT DEVELOPMENT

Development of the new prosthetic attachment concept began with considera-

tion of the basic problem of finding a quick-disconnect method suitable for use

; with a person's bone. Aercspace technology quickly suggested the ball-lock

connector, a familiar item in missile and space programs for several years.
: These quick-disconnect devices have served reliably to hold umbilicals and

even complete space vehicles in place until the desired instant of release.
\

The ball-lock mechanism is simple and effective. In a typical device,i

balls captivated in holes near the point of the locking pin are forced to

i protrude from the shaft surface by a spring-loaded rod inside the pin. When
the pin is inserted into its receiver, the balls encounter and lock into an

annular groove. The pin cannot then be withdrawn until a release is pressed,
moving the rod inside the pin to permit the balls to retract into cavities in
the rod shaft.

Ball-lock devices are made in a variety of styles for aerospace applica-

tions. They normally range in diameter from 3/16 inch to i inch, although
the Saturn V is released by four 3 i/2-inch pins. A four-bail stalnless-steel

: ball lock of i/2-inch pin diameter can carry approximately 102,300 newtons
(23,000 pounds) in shear and 6,670 newtons (1500 pounds) in tension.

The medical researchers quickly accepted the simplicity of a ball-lock

prosthetic disconnect, and the conceptualization of the new prosthesis was
expedited as follows:

The male half of the disconnect device, containing the ball-lock pin and
release mechanism, would be part of the prosthetic limb. The female ha!f--the

receiver--would be implanted surgically in the medullary canal of the bone re-

maining in the amputee's stump. A sleeve or collar of biocompatible carbon

would be bonded around the distal end of the receiver insert to provide a

permanent passage through the skin.

This connection concept would be usable wherever stump size permitted a
receiver implant, including arm and leg locations above and below the elbow

and knee. Hopefully, it would benefit many amputees with stumps too short
for conventional strap-on or clamp-on prosthetic limbs.

DESIGN DEVELOPMENT

The announcement early this spring that an amputee at Rancho Los Amigos

Hospital had volunteered for implant surgery spurred the development of a
working prototype of the quick-disconnect prosthesis. Work was concentrated

at KSC to provide a suitable ball-lock receiver and subsequently the a_socl-
ated hardware for a lower-leg prosthesis. A basic design was standardized
using ball locks of three pin sizes: 1/4-, 5/16-, and 3/8-inch.
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:, The receiver design (Figure 1) was influenced by consideration of Young's
' modulus of bone elasticity and corresponding modull for the steel implant and

an acrylic plastic, methylmethacrylate, which would be used as an insulator

_: and bond between the implant and the _rrounding bone. These modull were .

_ calculated to be approximately 2 x i0 IO, 2 x i0II, and 4 x 109 newto_s/mete_ 2

_ respectively. The lower modulus of the methylmethacrylate allows a transfer

_ of bearing loads between the implant and the bone; the oglval contouring of the

receiver was designed to provide decreasing load transfer toward the bone end

_ and to avoid stress concentrations. The toothed, grooved shaft of the receiver

_:_ enhances its seating in the bone canal with optimum distribution of the semi-

i fluid methylmethacrylate and gives mechanical interference with the plastic

against pull-out and rotation within the bone.

_: Type 316-L stainless steel, previously proven biocompatlble, was selected
as the receiver material. Implant dimensions were determined by the writer

[ through reference to gray's Anatomy; they were subsequently approved by

_ hospital personnel. The interior design provides a second ball-locklng groove

against the possibility that wear or future adjustments might require this

backup feature, as the receiver could not easily be reolaced The unused

groove would be filled in with an epoxy that could be removed cleanly with a

dental pick when required. The epoxy would prevent wearing of the groove and

_- facilitate cleaning of the receiver, which could be done simply with a swab
and alcohol.

t

The finished implant device, complete with its blocompatlble carbon collar

L and plastic plug, is shown in Figure 2. The protective plug would be used

during the implant operation and recovery period and could be used afterwards

during periods of prosthetic disconnection. The carbon collar was manufactured

_; by Gulf General Atomic Corporation. Hospital experts developed the collar

design to provide optimum healing and implant support. The circumferential

holes are intended to promote tissue growth about the stump end._r

_ The remaining design work was encouraged by the initial success of the

. implant operation, which was undertaken in March of this year. Figure 3 is a

view of the healing leg stump showing the receiver in place.

Development of the prosthetic attachment involved the writer in a design

effort to produce a mounting assembly containing not only the male portion of

!i the ball-lock mechanism but also adequate shock-isolatlon provisions. The

i importance of the latter was emphasized by the belief that rejection of pre-
vlously attempted implants may have resulted from shocks and stresses to the
bone at the implan_ interface. It was decided to provide a coaxial shock ;

absorber mount extending from Just below the connection point into the main _

i, support column of the prosthesis. ,

l_ Experimentation with various techniques and materials led to the develop- '

ment of the shear-radial isolation mount shown in Figure 4. This is formed

_" by bonding an elastomer (silastlc rubber) between aluminum cylinders that are !

threaded to provide adjustment capability.
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View A of Figure 4 shows the shock moun_ with full elaetomer content

while View B shows it partially filled, with elastomer only at the ends. The

accompanying graphs give load-deflection and torque charaaterlstizs for both

conditions shown. The amount of elastomer used may be adjusted to produce

: design variations as required for individual appiicatio_,s. For heavy, active '_

individuals, even larger mounts may be required. ,_

Metal and nylon parts for the shock isolator were fabricated by the

Development Testing Branch and the elastomer was _;ucessed by the Materials
Testing Branch of the Laboratory Division of NASA's KSC Support Opezations _

_! Directo.?ate. Avibank Manufactdring, Inc., contributed the ball-lock h_a4 4_ign. i
Figure 5 shows the ball-lock pin and shock mount along with a matching receiver _o

_[ end mounting accessories•

• Remaining design details were completed with the results shown in the : ;

pictorial and detailed views of the below-knee attachment (Figures 6 and 7 •

! respectively). The molded plastic stump socket, designed by hospital staff

members and made from a cast of the actual stump, assures custom-fitting

and maximum support, it is designed to impart natural feeling by assistin_

the wearer in sensing minute pressure variations. Tension adjustments on

the KSC-engineered portion also contribute toward this end, and to patient

r comfort, by allowing adjustment of the ratio of load carried by the socket

and the connection.

Overall comfort and safety were carefully considered in the design to

achieve an integration of components with a progressive ±allure scheme provi-

: ding maximum protection to the amputee and the surgical implant.

The yoke-shaped support column of the prosthesis is one of the design

' variables Most leg prostheses would require this feature for structural

, strength, whereas artificial arms hopefully would derive meat of their strength

{ from the structural properties of the prcsthesis proper. In general, however,

• _ the conceptual design developed for the in_tlal qulck-dlsconnect llmb would be

"usable.

Exact design, including cosmetic treatment and dimensioning, would

necessarily follow consideration of various characterlstlcs of the individual

i amputee, including age, sex, build, and degree of activity. The modularity _

i of the basic design would provide for ease of changes and adjustments necessi-

! tared by such factors as growth, weight changes, and activity changes in the
individual user, Figure 8 shows an attached prosthesis.

I CONCLUDING REMARKS

i It is the privilege to report completion the first phase of
writer's of

i the qulck-disconnect prosthetic design project with the shipment of the leg

! mechanism in late June, 1974. While it is still too early to assess the im-
pact of this development on the prosthetic state of the art, the hope is great

1 and the hospital reports are enthusiastic. The designers would like to f_el

that their work, with a major boost from the technology development to help man

i walk on the moon, is destined to help many more walk, and perform, on earth. _.
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Figure 6. Below the Knee Prosthetic Attachment (Pictcrlal View)
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g 21. A UNIQUECHALLENGE:EMERGENCYEGRESS

• ANDLIFE SUPPORTEQUIPMENTAT KSC

By Henry M. Waddell, Jr.

RockwelI International

' In early 1968,therewere someunusualproblemsrelatedto emergency
egressand rescueof Apolloastronautsfrom atop the SaturnV rocketon the
launchpad. The hugequantitiesof hazardouspropellantsin the launchvehicle
and spacecraftrequiredthatall groundpersonnelbe clearedfrom the launch

- dangerarea;yet the fastestpossibleactionwouldbe requiredshouldrescuebe-
comenecessary. Thishad beendramaticallydemonstratedby the January1967
fire,which tookthe livesof threeastronauts.As a resultof the investigation
followingthe fire,new materialswere developed,flig'thardwarewas modified,
and testprocedureswere rewritten--establishingthe frameworkwithinwhich a
moreeffectiverescueconceptwas to be developed. The targetdate for imple-
mentingthe new rescueoperation,includingequipmentchangesand the training
of personnel,was October1968,whenApollo7 was scheduledto liftoff.

FACTORSAFFECTINGRESCUE

Distances,heights,and the limitedspacewithinwhichgroundpersonnel
have to workwere criticalfactorsto launch-padrescue. Figurel, which shows
SaturnV on the launchpad with the WhiteRoomand MobileLauncherswingarms in
place,illustrateshow high abovethe groundthe commandmodulesat at launch.
Thiswas the way thingswere when the six-mancloseoutcrew placedthe astronauts
in theircouchesand closednut the commandmodulefor lift-off. The WhiteRoom,
aboutI09.7meters(360feet)above the ground,requiredsome2.5 minutesto
reachfromthe baseof the launcher.

Figure2 is a groundplan of the KSC launchpads. The closeoutcrew left
thisarea,at Roadblock5A, about the timethe cryogenicoxygenand hydrogen
propellantloadingof the launchvehiclewas completed. Fromhere,the closeout
crewwent up to preparethe conmandmodulefor the astronauts,who arrived
approximatelyan hour later. Duringthistime and throughoutthe launch,a special
KSC FireDepartmentrescueteamwas stationedabout 610 meters (2000feet)from
the launchpad. It normallytookthiscrew about 2.5 minutesto go from its
stationto the base of the launcher. This time plus the timerequiredfor the
crew to ascendthe umbilicaltower to the commandmodule leveltotaledfive
minutes. Actually,this timehad beenbettered,but under idealdrillcon-
ditionsand aftermuch practice. This five-minuteresponsewas a crucialfactor
becausethe human brainhas littlechanceof survivingwithoutdamageafterfour

minuteswith no oxygen. _

' So timeand space becamethe principalfactorsin developingthe new res-
:i cue operation. It would be necessaryto reach an incapacitatedastronautquickly

E with equipmentsmall enoughto functionin the limitedspaceof the White Room
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and commandmodule,and the first thingthatwould have to be donewouldbe to
get oxygenintohis lungsto replacethe toxicfumes or smokethathe had in-
haled.

Figure3 showsthe full-scaletrainingmckup of the commandmoduleand
White Room. The White Room,with launchsupportequipmentinstalled,is about
one half the size of a 2.7- by 3.6-meter(9- by 12-foot)room. The command
module,with a 0.67-by O.79-meter(26-by 31-inch)openingand suitedcrewin
placeis shown in Figure4. Fromthe beginningof launchoperatiops,the size
of thishatchhad been the most severelylimitingspacefactorin xew rescue.
It createda problembecausea rescuerhad to be equippedwith an independent
air supplyto preventhis being overcomeby an atmospherethatwould disablean
astronaut. As can be seen in Figure5, which illustratesa typicalrescue
exerciseconductedby the SpaceDivisioncontingencycrew,it would have been
verydifficultfor a man to enter the commandmodulewearingan air pack. In
fact,at the time the new rescueprocedureswere beingdeveloped,a self-
containedair pack as describedwas not availableat KSC for a rescueman to
wearwhen enteringthe commandmodule.

TESTINGTI4F.CONCEPT

The first testrescuewas conductedin March 1968. Therewere two major
testrequirements:fastreactiontime in gettingan oxygenresuscitatoron an

.- incapacitatedastronautand abilityof a rescuerto enter the commandmodule
withoutbeing overcome.

After two astronautsand a NASA lifesupportengineer,all wearingbulky
spacesuits,enteredthe commandmodulemockup,the hatchwas closed. Three
standard15.9-kilogram(35-pound)oxygenresuscitatorunitswere hung on the
mockupaccessarm,and the oral-nasalmasks were connectedto hoses long enough
to reach intothe commandmodule. At the GO signal,six firemenenteredthe
White Room. Eachwas outfittedin full rig with O.44-kilogram(14-ounce)felt
turnoutcoat and wore a low-prc_ilerebreatherchestpack. Eachcarrieda 3-meter
(lO-foot)breathingair hose,'._ichrouldbe pluggedintoan air manifoldon the
WhiteRoom ceiling. Threecarriedt,_resuscitatororal-nasalmasks,which were
equippedwith rubberstrapsthatcouldbe attachedto the "incapacitated"astro-
nauts.

The testrescueplanwas as follows: Oncethe hatchwas opened,a fireman
was to enter the commandmodule,removethe plastichelmetfrom eachof the
astronauts,and applythe resuscitatororal-nasalmasks. The astronautswere
not to be removedfrom the commandmodule. As it turnedout,the rescueleft _
much to be desired. It took over fourminutesto apply the firstresuscitator
and nearlyeightminutesto put on the lastone.
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'_ THE SEARCHFOR BETTEREQUIPMENT

,, J

_: Clearly,betterlife supportequipmentwas necessary. Over the next
_: severaldays,every lifesupport-relatedtrademagazinewas searchedand many
'_ telephonecallsweremade to lifesupportequipmentcompaniesand militaryin-

' ; stallat_ons.A miniatureresuscitator,made for militaryfielduse,was finally
located. Becauseit was small,it mixed a quantityof ambientair with the

_: oxygenin the supplybottleto extendits periodof operationto 30 minutes.
: _ Its sizewas attractive,but the mixingwould not do; duringa fire, the

i_L ambientair in the commandmodulemay be toxic. However,the unitdid use some
oxygen,the necessaryingredientand theminiaturesizewas required.

:_ The resuscitatorcompanywas asked if it could eliminatethe air mixing
and use pure oxygenwithoutshorteningthe operatingtimeby more thanhalf. It

_ was felt that if oxygencouldbe given quicklyto the astronautsto stabilizetheir
breathing,the chanceof rescuingthemwould be greatlyincreased.A 15-minute
resuscitatoroperationwas sufficientfor eitherremovingthe astronautsto

: safetyor for obtaininganotheroxygensupply. The resuscitatorcompanywas
verycooperative;it modifiedthe unitand sent one to KSC.

Meanwhile,a way was developedby which the timerequiredto get help
to a disabledastronautcouldbe shortened. Since the closeoutcrew was with
the astronautsuntilabout 55 minutesbeforelaunch,timewould be saved if
theywere trainedto handlemost incapacitatingcontingenciesthat occurred
duringcloseout. The Fire RescueTeamwould standby at its usual place to

: respondif the situationgot out of handand couldbe responsiblefor its normal
role afterthe closeoutcrewdeparted.

Whilethis procedurewas excellentfor savingtime,it had its drawbacks.
Ratherstrictcleanlinessstandardswere requiredfor the commandmodulein-

' teriorand White Room. While theserequirementswould not apply in an emergency,
the dirty residuefromstandardflame-retardant-treatedcoverallscould not be
toleratedfor normalcloseoutoperations. On the other hand, the use of highly

! flammableDacroncleanroom clothingusedby pastcloseoutcrewshad to be dis-
continued. The TV coverageof White Roomactivitiesalso presenteda problem.

_ Emergencyrescueor fire-fightingequipmenthad neverbeen shownduringastronaut
insertionoperations.Whateverwas found to protectthe closeoutcrew from
fireor otherhazardshad to be clean and looknormalor be stowedout of sight.

THE SEARCHFOR BETTERMATERIALS

, Thusbegan anothersearch,a toughone thatcontinuedintothe earlysum-
mer. No progresswas made exceptto considerorderingthe samecottonpoplin

_ coverallsfire jumperswear. In an issueof SafetyNewsmagazinewas an article _
on the resultsthat LonghornArsenal,in lexas,had obtainedin testinaNomex, ,
a new,clean,fire-retardantmaterialmade by Du Pont. Coincidentaliy,the KSC
Fire and RescueServicewas testinga new aluminizedNomex proximityfire suit.
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The individualin chargeof developingNomexfor industrialuse had
achievedsome successin outfittingracecar driverswith flame-retardant
coveralls,so he did not requiremuch explanationto understandt_e rescue
problemat KSC. His adviceand helpwere sought,and the next day at lO a.m.
investigatorsat KSC concernedwith astronautrescuewere lookingat his samples
and reviewingmaterialtestdata. By 3 p.m.,a garmenthad beendesignedand a
suppliercontacted.

The resultantc|oseout-crewcoverallsare shownin Figure6. Actually,
the suitwas a protectiveclothingsystem. The elementswere a miner'sbump
cap,race driver'sgloves,heavyshoes,and inherentlyflame-retardantcoveralls
with Velcroclosureand a protectivehood that foldsintoa quick-openingpouch
on the back of the coveralls.

The suit lookedgood,and the fabrictestedbetterthanwas anticipated.
However,one problemhad to be correctedbeforethe suitcould be used. Like
all nylongarments,the coverallscouldbuild up sufficientstaticelectricity
to dischargea spark. In the oxygen-richatmospheresurroundingcloseout
operations,a spark couldhavea catastrophiceffect. The Nomexdeveloperwas
awareof thisproblemand provideda wettingagent. By allowingthe coveralls
to soak in a washingmachinefilledwith water and the agent,the fiberswere
coatedwith a thin filmof hygroscopicmaterialthatensureda conductivesur-
faceto dissipatestaticelectricitybeforeit builtup.

MORE PROBLEMS

Two problemshad been resolved,but two othersremained. No one had found
a low-profilebreathingUnit smallenoughto be worn by a rescuerthroughthe
commandmodulehatchopeningnor had they foundan efficientway to apply the
rubberstrapsof the resuscitatormaskwhile the astronautswere in their
couches.

Only the resuscitatorsused on incapacitatedpersonnelsuppliedpure
breathingoxygen. In the interestof safety,rescuersbreatheair. Thus the
literatureand telephonesearchwas continuedfor a small,reliableself-con-
tainedair pack. In latesummer,a smallunitthat appearedpromisingwas
located. Threewere orderedfor test and supportof the Apollo7 launch,and
they arrivedin time to be submittedto Bendix,the lifesupportequipment
contractor,for servicingand cleaning. Unfortunately,the unit not onlywas
too dirty to servicebut did not meet the flow ratesand time specifications
claimedby the manufacturer.It was made to work,however,in time to support
the launch.

The inadequacyof thisunit focusedattentionon a problemthathad
been overlooked,one with possibleseriousconsequences.The desireto obtain
miniature,long-durationbreathingequipmenthad causedthe investigatorsto
proceedin many directionsattemptingto combinethe best featuresof several
manufacturers'equipment. The Fire and RescueServicewas virtuallybuildingits
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_r own equipment. At KSC,fortunately,a singlefunctionwas responsiblefor ser- c
!i vicing,testing,and certifyingall life supportequipment. As the different
_ combinationsof masks,regulators,tanks,hoses,and valvesbegan to arrivefor
:_ servicing,tilelifesupporttechniciansbecameincreasinglyconcernedthat the
_ combinationsmight not be interchangeable.Enoughworkableequipmentwas put

togetherto supportthe Apollolaunchbut it still neededimprovement.As it
_ turnedout, th_ searchfor goodrescuebreathingequipmentthat satisfiedthe
__ variedrequirementsof the severalastronautrescueconfigurationswas to last

, _ a numberof years.

: _ Meanwhile,the miniresuscitatorwas beingtestedby the astronautflight
_; surgeonat KSC and by the lifesupportcontractor.The unit workedfairlywell
_ exceptfor two difficulties:(1) the standardrubber-straparrangementwas
_ stilltime consumingand (2) the seal aroundthe oral-nasalmaskwas inflatable.

); The latterbecameevidentwhen the unit'scompatibilitywith the altitude
chamberwas tested. One of the requirementsin checkingout an Apollospace-

E craftwas to run it throughmannedsimulatedmissionsin the steelvacuumcham-
ber. Here the systemsthat had to operatein the vacuumof spacewere testedby)L
the astronautswho wouldman them. The chambersimulatesan enviror,ment of
about60.8 kilometers(20 x lO,5feet)and, sincethiswas a hazardoustest, emer-
gencyegressrequirementshad to be met. Significantto the mask seal designwas

_ that rescuewas programmedto occurat a simulatedaltitudeof 7.57 kilometers
(2.5x I04 feet). Ingressand egresswere made throughan airlock. The problem
with the inflatablerubbersealwas that it changedsize and shapewhen subjected

. to outs_e pressvrechanges. A seal inflatedto fit2anastronautat 7_57 kilo-
i_ meters (2.5x 10_ feet),which is 37.9newtons/meter(5.5pounds/inch'),wou|d

havebeen a poorseal at sea level.

i Thisproblemwas solvedwhen, on a trip to the home plantin Downey,
_ California,one of the investigatorswas shownsome of the life supportequip-
! ment trailersthatthe SpaceDivisionphysiologisthad set up to support

altitudechamberoperations,lhe systemincludeda largetrailerwith fiveor
six seatsat which breathingoxygenwas availablethrodgha sweep-onhead har-
ness. (Thisarrangementis usedby commercialairlinepilotsin the eventof
inadvertentcabin depressurization.In the airlineoperation,oxygenunder light
pressureis suppliedthroughthe mask.) The harnesswas of sturdy,nonflammable
plasticthat heldthe breathingmask tightagainsta person'sface. The question
was,would it alsohold a resuscitatorunitagainsta person'sfacewhile the
mechanismforce-breathedhim? It was obviousthatthe sweep-onfeaturecouldbe
appliedmuch fasterthan could the rubber-strapconfiguration.

The harnesswas quicklymodifiedso that the miniresuscitatorhead could
be securelyattached(Figure7). In forcedbreathingor resuscitation,there is
a significantdifferencebetweenthe inflationresistanceof the lungsof a con-
sciouspersonand thatof an unconsciousone. Since it was impossibleto get a

_ volunteerto be an unconscioustestsubject,the investigatorscalledon the
• expertiseof the KSC physiologist,who simulatedan unconsciousvictimas closely
( as possible. The astronautflightsurgeon and the physiologisttestedthe rig
i and it worked.
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_ So a miniature,quick-donresuscitatorwas availablefor the Apollo1

:_i_i launch. This littleunit suppliedoxygenfor 15 minutesat both sea leveland
_.L 7.57kilometers(2.5x lO4 feet);weighed3.63kilograms(8 pounds)(com-
_ paredwith 15.9kilograms(35 pounds)for the usualunit); couldbe securely
_ installedon an incapacitatedpersonin lessthan15 seconds(comparedwith

severalminutesfor the standardoral-nasalmask);and its facesealwas self-
;_ ventingat any altitude. Theseattributesmet the needs of the new rescue
) procedure.,but anotherproblemwas to arise (describedlater)thatset off a

new cycle of investigation.
e

_. DEVELOPINGTHE BREATHINGUNIT

i Developinga lightweight,low-profilerescuebreathingunitwas a con-
; _) cartedeffortby a team of NASA and SpaceDivisionpersonnel. Each teammember

was responsiblefor peculiarrequirementsin his own phase of the rescueopera-
tions,and all had made severalfalse startson inadequateor incompatibleunits.

_ The missinglinkwas a set of requirementsand specificationsthatencompassed
all needsand used availablehardwareof provencompatibility.A taskteamwas

• _ set up to developtheserequirementsand specifications.Users,designers,
' testers,procurementspecialists,and medicalpersonnelcombinedtheirideas in

an effortto producethe best unit. The _.-viv-AirCompany,a divisionof U.S.
Divers,presentedthe best com.kinationo',"hardwarethatmet the requirements.

Therewere b_o designsof a lightweight,low-profilemobilerescue
apparatusthatprovideda 15-minuteair supplyand a self-contained,two-way
communicationsassembly. One, calledAstronautRescueAir Pack (ARAP),was worn
b_ the Fire and Re_.cueTeam thatstoodby from the time the astronautswere
placedin theircouchesthroughlaunch. If rescueshouldbe necessarybefore
launch,the teamwould rushup the umbilicaltowerto the commandmoduleand
pullthe astronautsto safety. Figure8 showsa firerescueman in ARAP, which
he put on beforeenteringthehazardousarea.

The secondunit,calledEmergencyEgressAir Pack (EEAP),was placedon
the commandmodule level,and couldbe quicklydonnedby the closeoutcrew in the
event thata fireor a toxicpropellantleak suddenlymade the atmospherein

: the White Roomunbreathable.The astronautscouldalso use the EEAPas a
breathingunit if theyhad to leave the commandmodulein an emergencywithout

' assistancefrom the Fireand RescueTeam or the closeoutcrew. Theywould "
removetheirprotectiveplastichelmetsbeforeputtingon the unit. Figure9
showsa closeoutcrewmanin protectivecoverallswearingthe EEAP.

Both the ARAP and the EEAP unitsusedhad a quick-donWilsonTire-Seal
mask to which 7.9 cubiccentimeters(2.8cubic feet)per minuteof air was
suppliedat null pressureof 0 millimeter,of water. To excludetoxicvapors,
the facemask incorporatedan exhalationvalvewith a crackingpressureof
58,42+._7.62 millimeters(2.3+0.__inches)of water, thusmaintaininga positive
gagepressureat all times. A low-profilealarmwhistlewarnedthe operator

_ when the pressurein the cylindersindicatedthe breathingair remainingwas
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: down to abouttwo minutes This allowedtime to reacha placewith betterair_
or to get anotherset of aiY cylinders. (Morecompletedescriptionsof these

_ units,as we!l as recommendedareasof use,ar= includedin NASATech Brief
_ 70-10680,which is availablefromthe KSC TechnologyUtilizationOfficer.)

fr

_ DEBUGGINGTHE RESUSCITATOR

_i The miniresuscitator,as previouslystated,uses purebreathingoxygen.

In termsof benefittin_a personwho is overcomefrom inhalinasmokeor toxic
: fumes,pureoxygenis quite a differentgas th_n air,which contains20 percent

oxygen. But oxygenpresentsa handlingproblembecauseof the easewith whichr

certainmaterialsignitein itspresenceand becauseit greatlyincreasestheir
burningrates. Indeed,these propertiesof oxygencausedan incidentthat com-
plicatedthe investigation.

One night a lifesupporttechnicianwas preparinga miniresuscitatorfor
use. He strippedit, cleanedand checkedthe innerworkingsof the main regu-
lator,reassembledit, and turnedon the oxygenvalveto testthe unit. As he
turnedon the valve,a blue flamejettedfrom the regulator. Fortunately,no

i one was injured,but the investigationthat followedrevealedthat the softgoods,the valveseats,and the regulatorbodywere not compatiblewith oxygen.

_ In searchingfor a replacementregulator,it was foundthat no resuscitator
on the marketused materialscompatiblewith oxygen. Moreover,there had been

_ regulatorfires,but injuryordamagehad not been of an extentthat resulted
_ in a demandfor replacementof the incompatiblematerialswith safer but more

expensivematerials. In addition,it was discoveredthat,while the U_S. Bureau
_ of Mines closelycheckedportablebreathingequipment,no federalagencyregulated

the safetyof high-pressureoxygenresuscitators.The construction,flow rates,
and cyclingtimeswere leftto the manufacturer.Thissituationput KSC into the
businessof manufacturingoxygenequipmentlengenoughto make the needednumber
of safeunits. The Bureauof Minesand the NationalInstituteof Occupational
Safetyand Healthare t_yingto solvethe problem,but it is a slow process.

The compactminiresusc|tatornow beingused at KSC is shown in Figure.lO.
It is operatedby turningone valve,which startsthe processof automatically
inflatingand deflatinga victim'slungsif he cannotbreathe,thus supplyi_g
life-givingoxygen. A clearplasticwindowin the top oF the oral-nasalmask

i permitsthe o_eratorto observewhetherthe patienthas spit up anythingthat
mightblock hls breathing. (A more completedescriptionof the miniresuscitator
is includedin NASATech Brief6g-10319,which may be obtainedfrom the KSC

I TechnologyUtilizationOfficer.)

_ Fortunately,therehas been no reasonto use the resuscitator,the rescue
_ equipment,the procedures,or the trainingdevelopedsince the Apollofire.

i This has not diminishedtheir value,however. The concertedNASA-SpaceDivision ieffortshave not only greatlyimprovedthe probabilityof a successfulrescueon _ :
the launchpad, but may havebenefitedotner rescueshavingnn connectionwith

I the space program. _"_
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SPACESHUTTLE: A NEW CHALLENGe"

Today at KSC,plansare beingmade for launchingand landingthe Space
Shuttle. This vehicle,which is launchedlikea rocket,will ferrypayloadsand
passenger'sto and from earthorbiton missionslastingfrom 7 to 30 days. The
ShuttleOrbitermakes a contro'_edlandinglike an airplaneon a runway. There
the similarityto an airplaneends,however,becausewhen it is approachedfor
safingand servlc_ng,it will be likeno airplaneeverflown. Havingjust
enteredtheearth'satmosphereat orbitalspeedand, througha seriesof glide
maneuvers,itwill haveslowedto about346 km/hr (215mph) and made a controlled
dead-sticktouchdown. It will be spewingammoniafumesfrom severaloutlets,
as well as gaseoushydrogen,nitrogen,and possiblyhi§hlytoxichydrazJneand
nitrogentetroxidevapors. Partsof the Orbiterwill havebeen heatedby the
frictionof entryto temperaturesin excessof 7632°C(2000°F).This much
frictionalheatmay be accompaniedby a largestaticchargeon the nonconductlve
ceramictile surface.

The firsttasksof the greundcrew, afterverifyingthatthe Orbiteris
not leakingpropellants,wlll be to attachcold Freonlines and largeair ducts
to commencecoolingthe internalvoidsand compartmentsand the undersideof the
Orbiter'sthermal-protectiveskin.Many ground-servicingtaskswill follow,and
they raisesome importantquestions. What protectiveequipmentwill be required?
What equipmentis now in inventoryto satisfythese requirements?What new
equipmentwill have to be developed? One of the most importantlessonslearned
frB, Apollowas to startansweringsuch questionsearly,to keeppacewith the
programto ensurethat its requirementswere understood,and to work long lead-
time itemsas soon as theybecomeapparent. One Shuttleneed alreadyknown,for
example,is a new typeof glovethatwill protectthe landing-areatechnician's
hands fromheat and burns frompropellant_ills, yet not impairthe dexterity
requiredto performthe demandingtask of c nnectingthe coelinglinesand ducts.

Therewill be otherspecialrequirementsfor protectingpersonnelduring
varioushazardoustasksthroughoutShuttlelaunchand landingoperations.A
team Is alreadyat work on theserequirements.When the time comes,both per-
sonneland procedureswill be ready.
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"_'Figure6. CloseoutcrewmanDressedin CloseoUtp_otectlve
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Figure7. PuritanSweep-OnHead HarnessWith ResuscitatorHeadAttached
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• Ftgure 9, KSCClmeeut TeclmtctmnDressedtn NomxPre_o_ve Coveralls
andHearing E:F.AP
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22. A DAMPER FOR GROUND WIND-INDUCED

• LAUNCH VEHICLE OSCILLATIONS

By John G. Bodle and David S. Hackley

GENERALDYNAMICS CORPORATION

Convair Aerospace Division

• San Diego operation

SU_RY

Prela_nch oscillatox_j bending deflections of the Atlas/Centaur launch

vehicle are restrained by a damper mechanism mounted on the end of a hori_tdLl

boom supported from the umbilical tower. A single vertical pin on the vehicle

engages the mechanism. The damper is cozmected to the _-ehicle until llftoff.

As the attach pin rises with the vehicle, a retractable arm mecbanlmm provides

initial clearance. An explosive release mechanism allows the boom to awlng

clear of the vehicle like a pendul_m. A snubber mechanism decelerates the

free swinging boom and damper mechanism to _ safe stop.

L_TRODUCTIOR

The Atlas/Centaur* launch vehicle shown in figure I h_e evolved from

initial development as booster for "Surveyor" to present da_ versatile mission

capability. This evolution has produced a 5.5 meter increase in lez_th. As

length increased, potential for severe ground wind induced vehicle bending

loads became acute. Restrictive ground wind velocit_ limits threatened to

reduce availability for small effective launch windows.

* The Atlu/Centaur is built by General Dynamics Convair Asroep&ce Division,

San Diego operation. Program management is by NASA Lewis Researeh Canter

•. (LeRC), Cleveland, Ohio.
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( Ground wind aerodynamic forces on the Atlas/Centaur launch vehicle pro-

duce bending deflections. The phenomenon of vortex shedding creates oscilla-

tory deflections which reach maximum amplitude within a plane normal to the

wind direction. The allowable bending moment limit for the vehicle may be

reached at 50% lower wind speed when oscillatory deflections are combined

with the steady state deflections. Addition of a damper to reduce oscilla-

tory deflection thus became a prime objective.

In 1972, under the direction of NASA LeRC, General Dynamics Convair

Aerospace (GDCA) developed a system concept for an oscillation damper for

Atlas/Centaur. In April 197B, NASA Lp.RCdirected GDCA to implement the

oscillation damper system at Cape Kennedy, Launch Complexes 36A and 36B to

provide for the October 1973 launch window of Mariner i0.

The system was to be designed to remain in place until vehicle liftoff.

Adequate clearance was to be provided during vehicle liftoff to preclude

the addition of restrictions on vehicle drift. The retraction system wad

to be redundant. Extension and eng_ement with the vehicle was to be per-

formed manually only. The damper was required to permit unrestricted opera-

tion for actual ground _nd speed up to 33.6 knots for all tanking condition8
with the Atlas fuel tank full.

The two basic system functions are described. First, the damper sy8tem,

which performs the required damping until liftoff. Second, the _etraction

system which retracts the Sampermechanismand support boom at liftoff.

D_ER SYSTEM DESCRIF_ION

The installed damper system is shown in figure 2. The two main elements

of the system are th_ damper mechanism and the support boom with its counter-

weight. The system is inst_lled on the umbilical tower below the level of

the Centaur stage umbilical booms. The damper mechanism is connected to the

vehicle by a single attach pin near the lower end of the interstage adapter.

This is not the most advantageous point for applying the damping force, but

was dictated by the Limited height of the Complex 36Aumbilical tower.

Attachment near the forward end of the vehicle would have provided a longer

moment arm for the applied damping force for more efficient damping.

The damper mechanism, shown in figure 3, is a linkage differential mech-

anism, formed by three equidistant parallel sliding bars pinned to a cross

bar. The center bar is a linear ball bearing guided spline<1 shaft. The

spline prevents rotation of the mechanism about the centerline of the abaft.

The ball bearings are essential to minimize friction forces. The two out-

board sliding bars are the piston shafts of balanced double acting h_aulic
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_ dashpots. _he dashpots h_ve the same damping coefficient in both directions
of travel. The cross bar, referred to as the cross head, and the retractable

_s form a rigid bellcrank when the vehicle attach pin is fully engaged.
,:_ The vehicle attach pin and the dashpot rod end bearing centers are located an '

_ equal distance from the pivot pin in the splined shaft. The error due to
dashpot angular motion is negligible for the small amplitude oscillatory

travel of the attach pin (5.77 cm, zero to peak maximum).

_ The damper mechanism is mounted on, the end of a rigid support boom. The
' _. boom is hinged at the base to swing vertically. A cable is connected at one

_ end near the end of the boom, routed through a pulley elevated on the umbili-

_ cal tower, and connected at the opposite end to a counterweight. This counter-

: weight not only supports the weight of the horizontal boom, but maintains .an
: upload on the end of the boom to keep the damper mechanism fully engaged with.

the vehicle attach pin until liftoff.

DAMPERSYSTEMDESIG_q

Damping Coefficient

The Atlas/Centaurlaunch vehicle d_ct_.__ _'_._ee c_t_iiever beam from
, drag and lift loads induced by ground wind. This deflection includes a

steady state (static) component and an oscillatory component as illustrated
in figure 5. The oscillatorycomponent is not linear due to the individual

components of lift and drag. When added vec_orially, the total resultant
deflection must not exceed the limits allowed by the strength of the vehicle
and launcher. The relative characteristicsof ground wind loads are shown
in figure 6. The damper has no effect on static deflections. The oscilla-
tory deflections,which create the most severe wind velocity constraints,are
significantlyreduced with a damper.

The damper wu required to in_rease the modal damping factor of the
vehicle from an average value of 0.03 to 0._3 for the most critical cue
where only the Atlas fuel tank is filled. A viscous damping coefficient

range of 8_0.6 to 1,260.9 N/_s wu computed for the damper. A design
load of 8900 N mucMnum wu established for the vehicle attach pin and the

: "focal structure of the interstage adapter wall. This required the damper
to I.• force limitsd u a precaution against structural damage in the event

the wind loading exceeded the maximum design requirement. The damping coef-
ficient and force limit for each duhpot in the mechanism i_ half the total

_ required. The resulting damping characteristic envelope for the duhpots i

is s_ in figure 10. _
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The computed viscous damping coefficient for the damper mechanism was

deri.,ed assuming an infinit_.lystiff umbilical tower. A simple test of the

overall system was performed at Complex 36B. The vehicle was manually d_-

flecDed, then suddenly released. Thc decaying oscilatory response was then

recorded. This beat indicated the umbilical tower was less rigid than anti-

cipated. The derived vl£cous damping coefficient was, however, found to be

satisfactory.

Damping Force and Direction

Vehicle oscillation in any direction is damped by an opposing force at

the atzach pin proportional to pin velocity. The constant of the proportion-

ality is the viscous damping coefficient. When the attach pin moves there is,

in most eases, a component of force normal to the direction of _ravel as shown

in figure 4. The magnitude of the normal force component is a function of the

following factors:

I) Difference in damping coefficient between the two dashpots due to

tolerances on the specified damping coefficient.

2) Bearing friction on the splined _haft.

3) Inertia loaf.sof the mass and mass moment of inertia of the cross

head and arms assembly and the mass of the pirton rods and splined
shaft.

4) Initial offset of the neutral position of tLe attach pin from the

splined shaft centerline caused by vehicle misalignment, umbilical

tower deflections and steady state wind deflections of the vehicle.

Fxamples of computed damper mechanism force dispersions are shown in

figures 8 and 9. A linear sinusoidal displacement of the attach pin is

applied in directions between _ = 0 and _ = -_ rad. A typical difference in

dashpot damping coefficients in both the linear and load l_miting range was

used. Friction, dashpot hysteresis and force deadband due to bearing clear-

ances are negl@cted. Forced oscillaticn tests of the damper mechanism proved

these effects to be minor. The mechanism is assumed to be rigidly supported.

In figure 8, both dashpots a_e operating in the proportional range. The

maximum normal force is 8.5% of the corresponding collinear force for a 5.08 c_

inltial offset in the worst direction. This is 6.2%__reater _han for zero off-
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set. The variation in collinear force with direction of travel is primarily

caused by the difference in damping coefficient between the dashpo_s. With

the travel at _ = -_ rad, only one dashpot is working. In this particula_ _

case, it is the one with the greater damping coefficient. Thus, the collinear

force is greatest when _ = _ rad.

Figure 9 shows the force dispersions in the force limiting range of

operation at maximum design velocity for two directions of travel. The normal

forces for the directions shown are less than _ of the collinear force. For

intermediate directions of travel, e.g.: _ = -_ and T rad, normal forces of

nearly 43_ of the col!inear force occur due to the unbalancing action of one

damper going to force limit while the second damper is operating in the pro-

portional range. Collinear force is the least when _ = _ tad in this case be-

cause the force limiting velocity of the working dashpot is reached earlier in

the pin traveL.

In actual operation, the oscillatory motion at the vehicle attach pin is
nonlinear and random rather than linear and sinusoidal. The nature of the

motion does not change the force r_sponse of the damper mechanism. _alysis

has shown the direction cf the total damping force does not al_ys coincide

with the direction of attach pin motion. In the load limiting range, this dif-

ference may tend to change the direction of travel. This is another form of

damping since the mechanism is transfering work energy to the vehicle. The

effects of this action have not been fully explored.

Travel Limits

The limits of travel of the attach pin are a function of the stroke of

the duhpots. The criteria for establishing travel limits were as follows:

I) The damper must never limit the bending deflection of the vehicle to

less than that calculated from allowable bending moments for the

: vehicle. This is represented by a circular envelope 23.1 cm in
diameter.

2) An allowable vehicle vertical misalignment of 2.54 cm in any direc-

tion, plus a locating dimensional tolerance for the damper mechanism
were included.
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3) Damper displacement due to thermal deflection of the umbilical to_er

caused by solar heating. This was measured at the appropriate tower
station and found to be a total of _ .8 cm maximum for the conditions

prevailing during one day in May.

A travel limit envelope consisting of a 30._8 cm diameter circle was

selected to satisfy the criteria. Although this does not accommodate the sum

of all of the criteria, it was considered improbable that all conditions would

occur simultaneously in the same direction.

A _3.18 cm dashpot stroke is required for the damper travel to include

a 30.48cm diameter envelope. Figure"? shows the boundary of actual travel
limit of the attach pin traced by the mechanism.

Dashpot Design

The hydraulic dashpot shown schematically in Figure Ii is a self con-

tained system. The proportional damping and force limiting characteristic is

, controlled by a pressure modulated spool valve with specially shaped orifice

slots. The heat produced by the fluid pressure and shear work across the ori-

fice is dissipated to atmosphere through cooling fins in the aluminum dashpot

body. A relief valve allows excess fluid volume from thermal expansion to

transfer to a spring loaded accumulator. The accumulator also provides fluid

make-up for thermal contraction ar,d leakage loss. Pressure isolation of the

primary damping circuit and accumulator is provided by check valves.

The spring hulled spool valve displacement is proportional to the pres-

sure differential (L_P) across the piston. As the spool moves from the null

Position, one orifice slot is covered while the other is opened to increase

f_.owarea. The exponential shape of the slot provides the proper flow area

at each AP to produce a flow rate directly proportional to _P. The slope

of the force vs velocity curve is thus constant within the desired force ra_e.

When Ap has increased to the limit value during piston acceleration, the slot

suddenly widens and one spring is relaxed. The slope of the force vs velocity

curve is thus reduced abruptly as shown in Figure 11. The reverse sequence
takes place as the piston decelerates with some variation due to hysteresis
effects.

Attach Pin Design

The attach pin shown in figure 3 com_ects the vehicle to the damping

system. The functions performed by the attach pin are as follows:

I) The pin reacts the damping loads.
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2. The pin is pulled by _'ehlcle rise Without Jamming in the arms under

all expected motions and deflections.

B- The pin holds the retractable arms extended.

b. Pulling of the pin provldes instant release of the arms.

5. The pin support sustains the static and dynamic vertical loads

applied by the counterweight through the boom and arm.

These requirements resulted in a cylindrical 17-_ PH pin with an enlarged

ellipsoid sbape_, section in its middle, centrally located in a beryllium copper

alloy bushing in the e_ad of the arms. The bushing is the pivot bearing in the

outboard Joint of the arms. The ellip:oid _hape insures localized contact in

the bushing Without possibility of binding under misaltgNments and deflections.

The lower e_ of the pin locks the arms in place. The pin is mounted on the
lower face of a machined bracket fastened to the side of the vehicle inter-

stage adapter.

The boom is preloaded against the vehicle to prevent early release and

retraction during vehicle longitudinal oscillations at engine start-up. A

cou_ter_eight provides this preload by o_,erbalancing the mass of the boom

through a cable-pulley system as shown in figure 12. The counterweight _t

be heavy enough to keep the boom in contact with the pin during vehicle

acceleration with engine iEnition, it must not be so heavy that excessive

vertical loads are applied as the vehicle accelerates downward during the

thrust buildup transient. Figure 12 also provides mathematical equations for

determining the relationship between the boom weight and the weight of the

counterweight.

Environmental Protection

The dashpots and adjacent structures could be exposed to a wide range of

environmental te_erature influences varyinE from direct sunlight at +_'C

ambient temperature +_ impingement by liquid oxygen boiloff gas at -180°C fron

the vehicle. Such extreme variations would have a significant effect on de-

sign and fi_ml costs. To provide a more controlled, consistent environment,

the end of the system nearest the vehicle has a tubular frame around it, over

which is stretched a covering made of chloroprene coated _ylon fabric. This

covered area is continuously purged with ambient air supplied fro_ a centrif-

ugal blower mounted on the umbilical tower. Thus the dashpots, mechanism,
and structure Within the covered section are maintained at ambient temperature.
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Retraction System Description
6

It was decided early in the design to provide a system which would give an
"instantaneous" clearance of about two feet between the boom and the vehicle

with an ever-increasing, but slower, clearance build-up between two feet and
nine feet. The retractable arms mechanism shown in figure 13 accomplishes the
instantaneous two-foot clearance portion. The retractable arms mechanise con-
sists of two pivoted, springloaded aras, three spring, cable, and pulley asmem-
blies, a crosshead cm which the arms pivot and the afore-described attach pin.
The two to nine-foot portion of the clearance is provided by separating the
cable which supports the support boom and allowing the boom to freely swing
about its hinges until it engages a snubber mechanism. When the release mech-

anism, located as shown in figure 2, separates the cable, the counte_ight in
also released. The counterweigh_ falls approximately 15 cm where it is stopped
by two small shock absorbers.

The sequence of retraction is for the vehicle to begin to liftoff, the
bo_/d_ mechan.i.sm assembly accelerates up with the vehicle until limited
by a restraint chain, at which time the pin is pulled releasing the arms to
provide a two-foot clearance. Simultaneous with vehicle rise, an electrical

signal is sent to the boon release mechanism which separates the cable into
detached parts as shown in figure i_, permitting ,_e boom and counterweight
to fall by gravity, independently. The boom falls onto the snubber mechanism
provided to absorb the energy in the falling boom.

Retractable Arms Mechanism

The retractable arms mechanism (figure 13) is made up of two pivoted
arm_. The left hand arm is one-piece. The right hand arm im pinued to a
pivoting link about one-third of its length. This pivoting link is adjacent

to, and in parallel with, a fixed section of the right hand arm so that, when

the arm is extended and the attach pin (figure 3) is inserted through the out-
board arm bushing, the pin engages the fixed section, in effect bypassing the
pivoting link out of the system. Wheu the pin is engaged through the bushing

far enough to engage the rigid portion of this arm, then the "four bar" link-
age becomes a rigid triangle. However, as the vehicle rises and the pin dis-

engages from the rigid portion of the right hand arm, this arm becomes articu-
lated around the pivot link. The right arm is retracted by the double springs
shown, whereas the left arm is retracted by being pulled in by the right hand
arm and by the single spring. When retracted, the arms nest together and are
latched tightly against the crosshead to prevent centripital force from extend-
ing them as the boom retracts.
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The _ are _chined from i?-_ _ steel billets and are shaped primar-

i3_ by a stiffness requirement in rcact_g the dynamic (vertic_ _ prelo_.

'E,e crosshead is a built up, box-reinforced channel made of A36 steel. A

small shock absorbing rubber washer on the end of the arms, concentric with

the outboard pivot bushing, is installed between the arms and the attach pin

_pport housing as seen in figure 3. The washer is provided to dampen out

any higher frequency vibrations and prevent shock loading between the arms and

the attach pin housing. The washer is hard silicon rubber with cupped metal

washers protecting its flat contact surfaces. The washer-cup assembly is

fastened to the left arm by screws.

Release Mechanism

Figure i_ shows the boom release mechanism. This mechanism is in the

vertical run of cable between the boom and the counterweight. Its purpose is

to separate the cable upon counand to permit the boom to drop. The mechanism

consists of an upper plate, lower block, two clamping blocks, and two explo-

sive bolts. The upper plate is attached to the lower end of the vertical

cable run. At the lower end of the upper plate is an enlarged, triangular,

wedge-shaped section. This wedge-shaped section is held hard against the

lower block by the two clamping blocks as shown. The lower block is attached

to the counterweight by a steel rod. The explosive bolts each hold one clamp-

ing block to the lower block. The explosive bolts each have redundant squibs

and are fired by redundant circuits activated by redundant switches in the

launcher system which releases the vehicle for launch. Thus, the release of

the ground wind damper system is not initiated until the vehicle has been com-

mitted to launch. Firin6 of either squib in either bolt releases a clamping

block which permits the wedge-shaped portica of the upper plate to come free.

The relearned clamping blocks are retained by wire rope cable tethers to the
lower block.

When the release mechanism is fired, the upper plate is freed. The cable
runs over the pulley, permitting the boom to drop against its snubber. It

also releases the counterweight which drops down about 15ore,guided by two

tracks onto two shock absorbers. To "recock" the release mechanism for the

next launch, a hand winch lifts the boom back out to its horizontal position

and a hand-Jacking system raises the counterweight back to its operatin8 posi-

tion. The release mechanism can again be assembled. Set-up bolts and straps

are used to hold the release mechanism together until the explosive bolts are

installed off launch day. At this time, the set-up bolts and straps are
re_ved.

/
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Snubber Mechanism

As stated earlier, when the boom is released it falls onto a snubber

mechanism which absorbs the energy of the fall. The snubber mechanism decel-

erates the boom at approximately 5 g's to protect the damper mechanism at the

and of the boom from high side loads. Figure 15 shows the snubber mechanism.

It consists of a 0.5 meter stroke shock absorber end-mounted in a housing

which also forms the trunnion mount for a large bellcrank. The rod of the

shock absorber is attached to the short arm of the bellcrank. A pair of

rollers is mounted on the long arm of the bellcrank. On the outboard end of

the boom there is an elliptical ramp which contacts these rollers when the

boom has fallen to the point where it must be decelerated. The elliptical

shape of the ramp w_s required to gently initiate motion in the bellcrank.

Tests performed with a flat plate ramp produced high impact loads as the boom

energy was transferred into the bellcrank to start it and the shock absorber

piston in motion. Rotation of the bellcrank causes displacement of the oil in

the shock absorber through orifices to absorb the 2.03 x 105 N-m of kinetic

energy developed by the falling boom mass.

As the boom falls it engages a spring loaded latching arm. The arm has

three barbs, any of which prevents boom rebound by trapping a catch bar mounted

on the boom. The reason for multiple barbs is to restrain the boom in the

farthest retracted position to which it might fall.

CONCLb_ ING REMARKS

The effectiveness of the Atlas/Centaur damper system was first demon-

strated during a propellant tanking test of the Mariner iO backup vehicle

designated AC-33 in October 1973. A comparison of resultant rate gyro data

from an undamped AC-26 vehicle and from AC-33 under similar ground wind con-

ditions is shown in figure 16. The rate gyro signals shown are the resultant

of vehicle pitch rate _nd yaw rate near the upper end of the Atlas. It is the

most effective means of monitoring ground wind induced vehicle oscillations.

In this case, the launch of AC-26 was delayed because of ground wind. The

tanking test of AC-33 was completed in a routine manner.

The damper system successfully supported the launch of Mariner iO on

2 November 1973. The existence of this system will provide considerable

launch availability and launch safety improvements for Atlas/Centaur plus

the capability for future growth in length.
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Figure I. Atlas/Centaur launch vehicle,
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DUST COVER

SPLINED SHAFT

-._----81.28 DASHPOT BOOM

; CROSS HEAD. Z_// 81.28 CM

RETRACTABLE ARMS-,---.----.

At.

INTERSTAGEE/_

ADAPTE P_= _B__ 81.28 CM

RUBB
WASHER"

_!_ ARMS )ASHP01

VEHICLEATTACH PiN
SECTION A-A Figure 3, Dt',nper mecha,lism

F F

, +F
i

A =LINEAR DISPLACEMENT
F -TOTAL DAMPING FORCE

FA-FORCE IN DIRECTION OF TRAVEL
FN=FORCE NORMAL TO DIRECTION OF TRAVEL FD1
Xo=OFFSET OF ATTACH PIN ZERO TRAVEL POINT

_,( /3 =DIRECTION OF TRAVEL RELATIVE TO X AXIS

Figure 4. Damper force response to attach pin displacemenr
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Figure 5. Illustrative description of vehicle deflections.
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E
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F_re 6. Characteristics of ground wind loads.
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_ = ACCELERATION

P = RADIUS OF GYRATION OF BOOM
b = DISTANCE TO CG FROM PIVOT

_. f = PULLEY FRICTION AS A FRACTION

W (COUNTERWEIGHT) '

E] ,oo, 11
'. WA _

L -I

REQUIREMENT: BOOM TIP ACCELERATE UPAT lgWHEN FORCE F IS REMOVED.

WEIGHT OF COUNTERWEIGHT

WA (Lb + P 2)
W=

CL (l-f) - C2

FORCE REQUIRED TO ACCELERATE END OF BOOM DOWN AT lg

WC (1 - f) - WA b
F= + _ (WAP2+WC 2)

L gL2

Figure 12. Boom acceleration calculation.

F_ure 13, Retractable arms mechanism.
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23. HOLDDO_I ARM RELEASE MECHANISM

USED ON SATURN VEHICLES

By: J. D. Phillips and B. A. Tolson

Design Engineering Directorate

Kennedy Space Center, NASA

: l SUMMARY

With the development of the Saturn launch vehicle, it became mandatory

to develop a system for restraining the vehicle until after all checks and

engine thrust buildup were completed. The basic Saturn I holddown arm

constrains the vehicle by clamping it between a fixed support and a movable

_aw. The Jaw is on a link pinned to rotate sufficiently to release the
vehicle. There are three links in the Jaw (restraining) system arranged so

that with a small force provided by a pneumatic separator mechanism, the

large loads of the vehicle can be restrained. Design details discussed are
the link system, the separator, adjustments, and the energy absorber. The
function of preloading is discussed. The secondary release system is described.
Finally, the design differences between the Saturn I and the Saturn V arm are
described.

INTRODUCTION

The first large-scale rocket propelled vertical-fired missiles developed
in the 1940's and 1950's were freestanding. Upon ignition of the engines and

thrust buildup, launch was achieved when thrust exceeded missile weight.
Overturning moments due to winds were countered by wind locks or clamps around
the base of the missile. The clamps required removal prior to flight. Any

increase in winds approaching redline values (loads where vehicle would not

freestand) required personnel to return to the pad to reinstall these wind locks.

Obviously, propulsion system faults that resulted in decayed thrust were

catastrophic.

For the extremely large and expensive Saturn, it was mandatory that a

system be developed that would safely support and restrain the vehicle on the

pad until all checks, including engine start and thrust buildup, were com-
pleted. The holddown arm system was designed to fulfill this function, and

is described in this paper.
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NOTE: In general, this paper describes the Saturn I holddown system.
The Saturn V holddown system is quite similar - differences will be pointed

out at the end of the paper.

BASIC ARM

The basic Saturn I arm, as shown in Figure i,is essentially in the shape

of a pyramid and weighs approximately 3,765 k_lograms (8300 pounds). Attached
to the front (directly under the vehicle) is a plunger that supports the

vehic%e. The plunger is supported on a wedge that is moved up or down an

inclined plane machined into the housing. See Figure 2. This provides the

plunger with approximately 5.08 centimeters (2 inches) of vertical adjustment

to level and align the vehicle. The screw that moves the wedge is turned by

use of a 3-to-i multiplying gear box that is bolted to the housing.

The main pin, which is approximately 6.98 centimeters (2.75 inches) in

diameter, is aft of and slightly above the plunger. The main pin attaches the

upper llnk to the holddown base at a point approximately one-fourth back from
the front of the upper link. The center link is attached to the aft end of
the upper link and to the forward end of the lower llnk by pins approximately
6 _ centimeters (2.5 inches) in diameter. The lower end of the lower llnk is

fastened to the base with a pin also 6.35 centimeters (2.5 inches) in diameter.

This arrangement of three links pinned to each other and to the base at two

points allows the aft end of the upper llnk to rotate through approximately
90 degrees.

Looking at Figure I, it can be seen that if the lower and center links are

held in a vertlcal position such that a straight llne would pass through the

three pins, any load applied in the up direction at the plunger end of the

upper link would be reacted through the center and lower link and would have a
magnitude equal to the ratio of the moment arms about the upper link maln pin.

: This condition, however, is unstable, because the center/lower link pin could
move in either direction (fore or aft).

Stability can be gained for the linkage by moving the center/lower pin

point a small distance fore or aft. By keeping the distance that the pin is

; moved forward small, a large load through the links can be restrained with a

: small horizontal load, Figure 3 is a representation of the three-llnk system.

If the angle _ that the lower/center llnk pin subtends is set at 3 degrees,
and the length b is set at 3 times the length a, the relationship of force F
to force F" is defined as follows:

M about pin = 0

FA = F'b

: FI = Fa-- (i)b
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F" " Tan a
E F--r

F' " F"
Tan a

Substituting into (i) above

F" - Fa
Tan a b

F*t " Fa t_m a
b

Substituting a - 3o; b - 3a

F - 57.2F" (2)

To restrain the vehicle until after thrust buildup requires that the
holddown arms restrain a vertical up-load equal to the vehicle thrust minus
weight of the vehicle, plus the overturning moment due to wind. This value
of up-load is then preloaded into the linkage to assure no separation of the
vehicle from the holddoen arm plunger during engine start. For the Saturn I b
the value of this load is 444,822 newtons (100,000 pounds) per holddown azm.

NOTE: Additional allowances must be made for thrust overshoot, hardover
engines, and unknowns, i.e., wind gust, misaligned engines, etc.

For a load on a holddown arm of 444,822 newtons (100,000 pounds), the
separator is required to provide a restraining force of approximately 7,784
herons (1750 pounds) in tension (using equation 2 above).

SEPARATOR

The separator (Figure 4) is essentially a cylinder with a piston that
includes a rod having a groove or ball race machined near its end. Ball

bearings that are seated in the cylinder protrude through the cylinder wall;

and in the holddown position rest on the outer end of the piston rod and in
a machined race in the separation link of the separator, which is essentially
a continuation of the cylinder. In the holddowu position, the piston is held
aft in the cylinder by spring action so that the balls protrude outside the

cylinder wall into the machined race on the separation llnk. Tention loads

can then be carried from the separation link (which is bolted to the lower link

o{ the holddown arm) through the balls and through the cylinder to the holddown
arm base.
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E To operate the separator, pneumatic pressure pushes the piston forward,
allowing the balls to be pressed into the piston groove by the load being
transmitted through the separation link. When the balls are forced into the
piston groove, the separation llnk is no longer attached to the separator
cylinder and is free to move with the lower llnk.

J

PRELOADING

To assure a tight connection between the vehicle and the holddown arm,
the arm is clamped with a preload large enough to assure no separation between
the vehicle and the a%. plunger until release. This preload takes care of
bending in the upper l_nk and any tolerance "u the linkage system. To preload
the arm, the vehicle is placed on the plunger blocks and leveled. Then the
holddown arm linkage is erected, using a demountable winch. The separation link
is connected to the separator, and the separator rear swivel nut (Figure 1)
is tightened to develop the necessary preload. Curves of torque of the swivel
nut versus preload or clamping force on the vehicle have been developed. The
preload value selected must be attained with the linkage in a particular geometry.
For the Saturn I arm, the center/lower link pin must be located forward of a
straight line between pins by approximately 3 degrees. This is measured by an
alignment gage on the arm base. If either the proper preload torque value
(74.7 Joules) (55 ft-lbs) is not attained or the pin geometry is not obtained,
the linkage is lowered and shims are added to or removed from the upper arm
section pad and the torqueing procedure is repeated. The arm is now preloaded
and ready for firing. The 3 degrees mentioned was selected to keep separator
tension load small and assure the center/lower link pin would always be forward
of the unstable po.nt (straight line between pins).

ENERGYABSORBER

When released under load, the linkage has kinetic energy equal to gravity
plus the preload reaction. Obviously, because of the large preload, the
linkage travels with great speed and must be arrested without damage to the
linkage. For the Saturn I arm, a shear module (Figure 5) is used to absorb
this energy. The module is essentially a housing with four shear rods staggered
such that as the lower link falls, a striking plate mounted on the bottom of
the l_er link breaks each rod in succession, absorbing the energy.
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ZERO MOMENT

Because machining of a perfectly flat plane on the base of a vehicle such
as the Saturn is impossible, means must be provided to ass-re that moments

about the plane of the linkage are not introduced. This would not only be
detrimental to the linkage, but would add unnecessary loads to the vehicle as well.
To assure that moments are not introduced, the attach point on the vehicle

contains a spherical surface. Likewise, the forward end of the upper link
also contains a spherical surface (Figure 6). The separator is designed for

a straight tension pull. Bending would apply unsymmetrical loads to the
separator balls. To prevent bending in the separator mechanism, spherical
washers are incorporated between the separator rear swivel nut and the hold-

down base (Figure I).

SYNCHRONIZATION/RELIABILITY

To assure synchronization of the release of all eight arms, a pneumatic

circuit (Figure 7) was designed that provided the same length pneumatic line

: to each separator from the pressure source. This concept of equal lengths of

llne removed the problem of orifice design that would be required because of
the location of the source. For reliability, two circuits were provided to

each separator, as shown in Figure 7.

Redundancy was also provided in the firing panel by installlng an accu-

mulator with sufficient gas to fire the complete circuit. The firing panel

itself is made up of two solenoid-operated 3-way valves installed in a parallel

circuit. With a history of several hundred firings during tests and launch,

the firing panel has never fired prematurely or failed to fire on command, and

a separator has never failed to release. Looking at the pure numbers of rell-

ability, however, a slngle failure joint exists in the separator. Reliability
numbers obtained by testing cannot match the confidence provided by a second

or redundant system. Therefore, a second system for holddown release was

: developed.

SECONDARY RELEASE SYSTEM

The secondary release system consls_s of an explosive nut attaching one
end of the pneumatic separator to the link. Figure 8 shows an exploded view of
the separator, explosive nut, and the separation link. An eyebolt connects the
separation link to the lower link. The nut that holds this eyebolt to the
separation link is slotted and is sufficiently long to allow attachment of an
explosive charge that has enough power to split the nut.
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Figure 9 is a schematic of the cxrcuit that fires the explosives. The

E circuit contains three relays such that prior to start of countdown the power
supply is shorted. Upon receiving the signal to release, which for both the

pneumatic and the explosive system is the same signal and is furnished by
vehicle ground equipment, relay contacts PK 1 close and relay contacts PK 2B

open. This arms the circuit. This same signal starts a timer that closes relay

contacts PK 2 after an appropriate time - 130 milliseconds in the case of the
Saturn I. If the separator has operated pneumatically, the movement of the

separation llnk forward will break the lead wires to the explosive nut, and

therefore the redundant explosive system will not operate. If the pnematlc

separator has not operated, the nut will blow it free and allow operation
of the arm.

TIMING

It has been found during testing that helium under a pressure of 5.17 X 106 !
newtons per square meter (750 psi) will operate the separator in 20 milliseconds

with a length of tubing containing approximately 819 cubic centimeters (50 cubic

inches) volume (Saturn I). Gaseous nitrogen, on the other hand, requires
approximately 69 milliseconds. Other gases possibly would be satisfactory, but
have not been investigated, because helium is the lightest gas available, and
therefore should be the fastest.

A normal time for release shows first arm release is approximately 130

milliseconds after signal, and the last of the eight must release in a maximum

of 180 milliseconds after signal. The time for the secondary release system

explosion is set such that all separators have a full chance to operate pneu-
matically. If the system were being designed today, it is possible that the

explosive release method would be considered primary, but because of such a

long history of satisfactory use (over 13 years), the pneumatic separator is
considered primary. There is one important advantage to the pneumatic separators

The unit can be tested in configuration as late in the countdown as desired,

while the explosive system cannot be tested.

TEST PROGRAM

Because of such high loads and the absolute necessity of sure operations,

each arm is loaded in a test fixture to the design load. For the Saturn I,

the down-load applied is 1.8 X 106 newtons (400,000 pounds) and the up-load

applied is i.I X 106 newtons (250,000 pounds). In addition, once installed,

all arms are fired as a system to check linkage release timing. Timing is
critical, because the time span between first arm release and last arm release
must not exceed 50 milliseconds.
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LAUNCH ENVIRONMENT PR0_ECTION

The launch environment subjects the arm and system to not only the loads
mentioned above but engine exhaust gases having a temperature of approximately

1649°C (3000°F) and a velocity of approxlmately Mach 3. Fortunately, this con-

dition exists for only a few seconds at the most. For protection, the mass of

mate_ :Is must be large to serve as a heat sink, and sharp points must be

eliminated or provided with protection. Water is also sprayed on the arms a

short time after llftoff to absorb the heat and prevent heat-soaklng deteriora-

tion. In addition, the rocket engines generate a sound level of approximately

170 decibels and generate a vibration level of 24g maximum at all frequencies

up to 1500 Hz. All moving parts, such as the separator piston, must be designed

with a natural frequency that is not in resonance with these vibrations.

DESIGN POINTS OF INTEREST

In a paper it is difficult to tie all points of interes, into a narrative

discussion, but there are a few points of interest in the design and operating

experience of these arms that should be shared. It _s not intended to explain

the reason or theory behind each, but simply to provide the information in hope

that it may be of use.

I. It has been our experience that an odd number of balls in the separator,

such as 3 or 5, will give unsatisfactory results, while an even number will renault

in saticfactory operation.

2. The point loadlng of the balls on the separation llnk groove has always

resulted in brinelllng no matter how hard the materlal. Cutting a groove at the

edge of the groove provirdes a place for materlal to flow. Then the only detrl-

mental effect due to brlnelllng is the necessity of remachinlng the face of the

groove after several operations.

3. Precipitation hardening steels, such as 17-4 PH, have been used very

satisfactorily when a close-tolerance part, such as the main pins, was required.

This allows machlnlng to close tolerances after final heat treatment.

4. Stress risers i_L the form of sharp corners ara to be avoided under all

• conditions. They will invariably result in a crack.

5. Sand castings for the base structures have proven very sat%sfactory,

provided care is taken in inspecting for cracks, voids, and inclusions in the

areas of &_ress - primarily around the main pins. Be prepared, however, to

explain the surface cracks that are visible everywhere under magnetic particle

or zyeglow inspection to the operating engineer.
%
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E 6. If a heavily loaded structural component must be thicker than 5.08 or
7.62 centimeters (2 or 3 inches), forgings offer advantages in grain growth and

eliminate the hear-treating difficulties of castings.

i

SATLq_N V HOLDDOWN ARMS

In the preliminary engineering stages of the Saturn V vehicle, it was

apparent that to save fllgh: weight, the number of supports s',ouldbe four,

rather than eight as used on the Saturn I. This, and the fact that the Saturn V
would have a thrust and weight of five times the Saturn I, led the ground

equipment engineers to re-exam/he the holddown scheme in detail. This examina-

tion reiterated the basic simplicity and load-carrylng properties of the Saturn

I arms. The decision was made to maintain the same basic designs for the Saturn
V, as shown in Figure i0. Obviously, all components are larger, but the basic

._ design has been followed very closely.

DETAIL DIFFERENCES

With such a large vertical down load (13.34 X 106 newtons) (3000 kips), it

was decided to abandon the inclined plane and slldlng wedge to achieve vertlcal
adjustment and use shims instead. Figure II, detall A, shows the shims between

the adjustable head and the base. For the Saturn V, the spherical surface to

assure zero moment transfer is incorporated into the adjustable head of the
holddownrather than into the vehicle, as with the Saturn I. This saves flight

weight with no real hardship on the ground design.

The shock absorber was also change9 to a block of wood in the Saturn V

program. During the test program, a piece of oak wood 20.32 by 14.61 by 63.50

centimeters (8 by 5.75 by 25 inches) was substituted for the bolt shock absorber

to save costs, and this wood worked so well it was decided t adopt it for all

operations.

_le remaining paragraphs describe added syst=ms for Saturn V.

CONTROLLED RELEASE SYSTEM

_e holddown arm upper link system will restrain the Saturn V vehicle until
launch commit and programmed release of holddown linkage. At launch, the upper
link tm pivoted rapidly away, reJeasing the restraining force at a rate which,
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vlthout deslgn refinement, could create unallowable stresses in the vehlcle
strictures. To provide a smooth, contro11-d release of the vehlcle, control
reiease de, ices were designed.

The controlled releese mechanlsm consists baslc_11y of a bracket, which Is
bolted *_3 the holddovn arm base, and a dzm_ pln, which is connected to the
bracket and to thc vehlcle through a die. The die is fastened to the veh.4cle,
and at launch the pin is drmra through the die for the first 15.2 centimeters
(slx inches) of vehlcle travel. See Figure 12.

As the pln is drawn through the dle at launch, the force decreases from
3.3 X 105 newtons (75,C00 pounds) to zero after 15.2 cent_eters (six inches)
of travel.

PROTECTIVE HOOD

Due to increased exhaust plume characteristics for the Saturn V, a protec-
tive hood was desired to protect the holddown arm linkage and components inside
the arm. The hood is actuated with a lanyard as the vehicle rises. See Figure 13.

Listed _.low are a few statistics and fac_s o£ the Satucn I and Saturn V

holddown arms and their componants.

Load Cacrying Capability 1.1 X 106 N 6.7 X 106 N

UP (250,000 Zb) (1,500,000 lb)

DOW 1.8 X 10 6 N 13.34 X 10 6 N

(400,000 lb) (3,000,000 lb)

Neight Complet_ Arm 3765 kg 20.,412 &g

8300 11) 45,000 11)

Bas_ Material (Cast) ASTM A27 ASTM A27

Upper Link Material ASTH A487 4340 glectric

Grade 70 F_,.., "ce Steel

Castin$ Po._.ng

mmv  mm..
i
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ITEM S-I S-V

Main Pin Material 17-4 PH 17-4 PH

Link Pin _laterial Type 431 Cres ASTM A36

Pneumatic Separator Tension

Load Capability 22,240 N 222,411 N

(5000 lb) (50,000 lb)

Pin Lubrlcant 25:1 Halocarbon and Molykote

(Used because of LOX compat-

ibility requirement.)

Separator Lubricant Dow-Corning Silicone DC-510-500-C-S

i

¢

L
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¥1gure 2. Adjustment Assembly
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Figure 5. Shear Module Assembly
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F_ure 9. Explosive Release Systeas Schemal:l¢
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24. CRAWLERTRANSPORTER

STEERINGAND JEL SYSTEMS _ _6" I g _ .Q

By VirgilLeon Davis

John F. KennedySpaceCenter

SUMMARY

A vitalelementto LaunchComplex39 and the KennedySpaceCenter (KSC)
mobiletransferoperationis a culminationof many uniqueengineeringmech-
anismsknownas the CrowlerTransporter.The Transporteris a mightytortoise
weighing2.8 millionkii_grams(6.3millionpounds)usedto lifta 5.7-million
-kilogram(12.6-million-peund)combinationof MobileLauncherand spacevehicle,
transferthis loadapproxin,_tely5.6 kilometers_3.5Filet) from its pointof
assembly,negotiatecurvesoF 152-meter(500-foot)mean radius,climba
5-percentgradewhilemaintainingthe 122-meter(400-foot)structurein a verti-
cal positionwithinI0 minutesof arc,and smoothlyposition_hishugestructure
to within+_5.1centimeters(_ 2 inches)on supportpedestalsat the launch
pad.

INTRODUCTION

There are someuniquemechanismsin the hydraulicjacking,equalization,
leveling(JEL),and steeringsystemsrequiredby the Crawlerto performits
mistion. Numerousproblemsassociatedwith thesemechanismshavebeen over-
come in a programrequiringfabricationof operationalequipmentwhile proceed-
ing with a developmentalprocess. Thiswas necessarysincecompletedata did
not exist in some phasesof the designpriorto construction.Besides,such
an independenttransportersystemhad neverbeen built,and todayonly two such
systemsare in existence.

PRELIMINARYDESIGNCONSZDERATIONS

The primaryimpetusbehindthe selectionof the CrawlerTransporteras the
primemover duringthe developmentof facilitiesfor the SaturnV space vehi-
cle in 1962was the fabricationof a similardevice--a76.2-meter(25D-foot)
high,8.16-million-kilogram(13-mill:_n-pound)strippingshovel. CrJwlerex-
cavatok'swere triedand provenmethodsof handlinglarge loads,so_ similerin
magnitudeto thoserequiredfor the Apollo-SaturnV Program. After studying
varioust_a,sfermodes in detail,it was concludedthat a crawler-mountedtrans-
porterwould be the most advantageousmethodof turningthe mobileconceptinto
workablehardware.

The feasibilitystudyof the crawlertransferconceptbasicallypmoposeda
crawler-mountedtransporterand launcherpad in one unit. Itwas suggested
thatafter the transporterand launcherpad were placedon fixedmounts,the
levelingcylinderpistonscouldbe raised,the steeringcylindersand struts
couldbe removed,ana the truckscouldbe walkedout under power. Suchan un-
dertakinginvolvedprob!_msassociatedwith heavyequipmentmovement,as well
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as problems in repositioning the crawlers under the transporter platform.
Early in the analysis it became evident that thprp werp considerable advantages
to removing the crawlers from the launch platform and providing an independent
crawler transporter structure.

This arrangement (see Figure l) allowed the trucks, together with self-
contained power-generating,hydraulic-leveling,and steering equipment mop,ted
in a transporterstructure, to act as an independent unit that could easily be
removed from the blast area during launch. An independent crawler transpo:'tcr
could also be favorably positioned under the center of gravi+y uf the Mobile
Launcher platform to enable more even load distribution on the crawler trucks.
Additionally, fewer transporter units were needed since one could be on the
move to another area while its deposited load was undergoing testing or check-
out.

To enable the Crawler Transpurter to function in its unique role at
Kennedy Space Center, there were many changes required to evolve from a ztrip-
ping shovel prime mover concept to an independent transporter mode. Large
stripping shovels were constructed on site in an excavated hole; they removed
the overburden (earth) in front of them and moved over terrain smoothened by
bulldozers. Behind them were power cables plugged into extended substations.
If a support cylinder leaked, the hydraulic fluid was collected (in a saucer
surrounding the cylinder_ and pumped b_ck into its own reservoir. If a shoe
broke or some similar problem oc=urred, the shovels kept going until they were
forced into a rEnair mode. This operational philosophy was not amenable to
reliable fulfillment of strict launch schedules. Besides, the leveling capa-
bility of stripping shovels was designed primarily to prevent the machine from
turning over and was not adaptable for the critical tolerance level required
to transport a 36-story rocket while its topmost part remains within +5 minutes
of arc, or within the dimensions of a basketball. It wa_ essential tom_in-
tain the :ransportedload in a level plane and to reduce acceleration, torque,
and jarring forces to a minimum. Reliability of the hydraulic system and
erational integrity of the equipment were absolute requirements and majo
design chdllenges. With these considerations in mind, KSC adopted the t,
porter configurationdepicted in Figure 2. If a critical control component
should fail, there would be a backup system immediately available. In the

: event of a serious malfunction, such as a hydraulic line rupture, the load
would be kept from becoming unbalanced by automatically locking (or securing)
the curner cylinders. These cylinders, in groups of four, were designed such
that if one should fail, the 5.7-million-kilogram (12.6-million-pound)load
could still b: safely transported.

A contract for two transporterswas awarded in March 1963. The procurement
plan called for assembly of the first Crawler Transporter by late 1964, followed
by operational testing with resultant changes or modifications to be complete
by March 1965. Both Transporters became operation-_ _arly in 1966. (Their
final configuration is shown in Figure 3.)

Le_ us briefly look at a few of those unique mechanisms and discuss the
design evolution in relationship to stripping shovels used in the early 1960's
aS well as problems that were assoclated with the fabrication/developmentprocess.

4
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JEL SUSPENSION SYSTEM

Previously, chassis support of large crawler excavators was dependent
uponthe utilization of a single, large diameter, hydraulic cylinder (see Figure
l). In order to preclude damage to transported loads in the event uf a single
cylinder failure, a clustering of cylinders was designed for the trar.sporter
suspension system. A single cylinder would not only have to provide proper
leveling, but it would have to resist side loads introduced by wind as well as
propel and steering conditions. Horizontal forces acting on a fixed vertical
cylinder produce bending, and, if forces are of significant magnitude, they
will cause hydraulic oil leakage, galling, and possible failure.

To prevent introducing shearing forces into the hydraulic actuators, a
unique arrangement was designed for the four double-track truck suspension
system. In the center of each truck is a 1.22-meter (4-foot) diameter guide
tube that slides in a spherical bearing (see Figure 4). Clustered arodnd this
guide tube are four linear single-acting hydraulic cylinders with a 508-milli-
meter (20-inch) bore and an extensible stroke of 2006 millimeters (79 inches).
The cylinder assembly on which the weight of the transported load rests is _
designed to operate at a normal pressure of 20.7 million newtonsbneter2
(3000 psig), an emergency pressure of 33.1 million newtons/meter2 (4800 psig),
and to withstand 41.2 million newtons/meter2 (6000 psig) proof pressure and
62.3 million newtons/meter2 (9000 psig) burst pressure. The support cylinders
are attached to the chassis and trucks with spherical ball bushings to assure
that only vertical loads are transmitted.

Shear forces from propel, steering, or wind loads are transmitted through
the guide tube and into tne chassis through a spherical bearing hous.i on the
trucks. This not only removes horizontal loads from the cylinders bu_ provides
a pivot for the truck and permits vertical _.ovementof the chassis in relation
to the crawler truck. The guide tube fits into the cylindrical inside surface
of a bronze ball bushing (see Figure 5). The outside surface of the bushing
is a spherical section that mates with the inside s,:rfaceof a concentric
bushing container. This assemb]y enables lim;ted tilt nf the trucks in any
combination of lateral or longitudinalmotion. Changes in the vertical pusi-
tion of the chassis and rotational positions of the crawlers are supplied to the
steering and JEL servo systems by transedcers mounted at the bottom of the
guide tube assembly.

The extrBnely low vertical friction allowed by this mechanism has provided
for smooth leveling and jacking operations. This uniq,_ gr_pino has resisted
large wind load_, having carried a Saturn V test vehicle on hoard a mobile
launcher 5.63 kilometers (3.5 miles) at 0.04 meter/second (I mile/hour) in
winds as high as 30.I meters/second (65 miles/hour) without incident. After
more than eight years of operation, there has been no hydraulic leakage from
these cylinders, and none have even had to be removed or partially disassembled.

STEERING THE TRANSPORTERS

Positionin_ the Mobile Launcher on it_ support pedestals requires pre-
cise maneuverability since alignment must be within +_50,8millimeters (+_2

j,
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inches). Not only is this no easy task, but special considerations had to be
E taken just to enable the negotiation of a 152-meter (500-foot) radius curve.

Since the crawler trucks are located on 27.4-meter (90-foot) centers, there
is an angular position error between the inslde and outsioe crawler trucks
during great ci,=le steering. Experience with large shovels propelling over
surfaces other than coal, upon which they are usually operated, revealed that
large horizontal loads were applied to their trucks. This lead to a reevaluation
of the preliminary concept (depicted in Figure l) of using a single-acting
cylinder to pivot each truck about its center. The front and rear end trucks
were connected by a large tie rod that pulled one truck while the opposite
truck was being pushed by one single-acting steering cylinde,'. Since an in-
dependent transporter chassis would be much less rigid than that required for
a permanently attached platform, scuffing loads introduced in skidding a crawler
truck through a one-degree steering error could introduce stress levels high
enough to cause severe chassis distortion. A mechanical linkage could have
been designed to give the desired correction, but due to maintendnce, cost, and
weight considerations, it was decide_ to provide an Ackermann correction in
the electronic servo system. Independent push-pull action was incorporated
into each corner by using large double-acting hydraulic cylinders. For re-
dundancy, these cylinders were mounted i_ pairs at each end of a crawler truck.
These tv'omechanisms (electronicAckermann correction and double-acting cyl-
inders) allow the four trucks to be steered independently around corners in
a great circle mode as well as diagonally in a crab mode.

The possible consequences of_stresses introduced by the truck/road contact
surface (46.5 metersL) (500 feetL) were areas of major concern and consequently
were thoroughlj investigated and analyzed. The chassis structure _s designed
to resist scuffing loads of 2.3-million kilograms (500,OOG-pounds)over those

' expected. A scale (I/8) model of the Crawler Transporter chassis was constructed
to determine and analyze projected loads. A scale (3/8) model of the steering
arm assembly (see Figure 4) was asse,lbledand tested. A scale (3/8) model of
the Crawlel shoes was tested to destruction. Results of the model analyses were

: used to formulate design modifi=ations to improve the load carrying capabillty
of these structures. Since stress:_ are at a maximum during steering (sliding
the trucks across the road surface), many te=ts were performed in an effort to
determine a suitable, low friction, resilient roadbed. Model tests were not
easy to simulate; therefore, ,erificationwas accomplished after construction.
Tests on a prepared surface, sand_ macadam, crushed granite, and river rock
led to the selection of rive_ rock as the minimum frictional surface for utili-
zation on the Crawlerway.

Operational experience with the transporter disclosed that, even with a
reduced frictional surface, large pressures were exerted in the hydraulic
steering system. Since both corner cylinders were needed for proper steering,
the required redundancy was marginal at best under full load. The loss of a
cylinder under these conditions could possibly result in a launch scrub. In
order to adequately provide redundancy and to increase the capabilities of the

362

l
.q

1976012084-356



h

, i
i" L

0 "-

(,

system, two steering cylinders were added to each truck. The new cylinders work
perpendicularto and are identical to the original ones. They are used in
pairs extending from steering brackets mounted below the Crawler Transporter
chassis to an auxiliary steering arm (see Figure 4) welded tc the inside frame
of each truck.

The uprated steering system was not implemented until 1969: Before pro-
ceeding with the modification, a sound engineering basis was developed through
a detailed control servo system analysis, through mathematical stress analysis,
and through a model evaluation program. The scale (I/8) model originally used
for chassis design verificationwas modified and used to evaluate structural
response to loads introduced by the uprated steering system. An analysis
showed that the proposed hydraulically activated electro-mechanicalsteering
network was inherently stable: testing and operations have verified this man_
times.

In addition to structural changes, the modification included 16 four-way two-
position pilot-operatedvalves. In the disabled condition, these isolate se-
lected cylinders from the hydraulic pumps. They also allow the double-acting cyl-
inder to "float" by permitting trapped hydraulic fluid to flow back and forth
from a compressed chamber into an expanded chamber. The system now has the capa-
bility of operating with one or both pump sets and with two, three, or four oper-
ating steering cylinders per corner--thus providing complete redundancy with only
a small sacrifice in steering rate.

JEL SYSTEM STABILITY

Conventional leveling of large stripping shovels was accomplished by adjust-
ing the relative height of diago_._llyopposite corners by sensing the height
variation with crude mercury-level switches or by using large heavy pendulums to
sense level changes. These mechanisms were centrally located Jnd mounted on
rigid structures. They were not considered feasible for use on an independent,
flexible structure due to tighter level requirements and possible chassis deflec-
tion. A manometer-type leveling system extending across diagonal corners was pro-
posed, and a 39.6-meter (130-foot) full-scale experimental mockup was made to
determine the dynamlc characteristicsof acceleration forces inherent in such a
system. Theoretical analyses confirmed by test results demonstrated that a closed
manometer s_stem equipped with differential pressure transducers was a feasible
level sensor for Crawler Transporter applications.

Although diagonal axes may be level, they may also lie in separate planes.
Design specifications required that no support point be more than 50.8 milli-
meters (2 inches) out of plane. Large shovels, when propelling, would connect
two adjacLnt corners together so that the loads would be equal on one end. An
off-centered load with such a three-point equalization system could set up large
twisting or warping moments in the chassis. Therefore, it was proposed to use a
hydraulic-equalizingsystem, causing the sum of corner loads oilone diagonal to be
equal to the corner load sum of the other diagonal.
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Initialtest runsduring1965resultedin over-reactionand instabilityin
! ( the hydraulicservo system. A stabilitystudyand computeranalysisrevealed

that the originalpressureloopcriteriahad not takeninto account(1)varying
oil compressibilityconstantscausedby cylinderextensionnor (2) differences
in the springconstantincurredby mass changesbetweenloadedand unloaded
configurations.

The problemwas correctedby augmentingtwo additionalmanometersacross
the frontand rear cornersperpendicularto the traveldirection. Unloaded
moves are performedusingonly the manometersystemfor levelingand equali-
zationcontrol. Duringloadedmoves,hydraulic-pressuretransducerslocated
at Jach cornerare usedto controlplatformequalization.With the Mobil_
tauncheron board,the manometerequalizationsystemprovidesonlyout-of-limit
warningsand shutdowns. Levelingis accomplishedat all timesby the mercury
manometermechanism.

CONCLUDINGREMARKS

In order to meet schedulerequirementsof a facilityof such complexity
_nd unprecedentedsize, it was necessaryfor groundequipmentdesignto proceed
in parallelwith vehiculardesign. The evolutionfromconceptto operational
hardwareof such uniqueequipmentwas not strictlybased on a theoreticalapproach
but on reasonablecriteriadevelopedthroughactualexperiencewith pastdesign
and a oeriodicupdateresultingfrom actualand model testresults. The
CrawlerTransporteris an exemplificationof thismethodology.The end result
(seeFigure6) speaksfor itself. Theoreticalevaluationswere supplemented
by model testsand thesein turn by actualtestsof the physicalhardware--
each stageof the developmentleadingto an improveddesign.

Althoughthe CrawlerTransporterwa_ designedspecificallyfor the Apollo
Program,it has supportedthe SkylabProgramwithoutmodification,ewn though
the MobileLauncherpedestaladditionfor the SkylabIB configurationcaused
a weightincrease. The adapatabilityof the independentCrawlerTransporter
is evidentas it has supportedvariousplatformconfigurationsfor the Apollo
an_ SkylabProgramsas well as the giantsteelMobileServiceStructure(see
Figure7). The CrawlerTransporterswill noL requiremodificationto
transportthe SpaceShuttleon its MobileLauncherPlatform(seeFigure8).
Once again,our SpaceProgram'ssuccesswill be highlydependenton a tried
and proven"mightytortoise"l
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FOR THE SATURN V/APOLLO MOBILE LAUNCHER

AT JOHN F. KENNEDY SPACE CENTER

By Harry A. Balke

Harry Balke Engineers, Cincinnati, Ohio

_k

SUMMARY

The expanse of the mobile launcher (ML), its operational requirements, and

the environmental extremes to which it is subjected presented a difficult prob-

lem in providing it with a suitable support system. Since the crawler trans-

porter had to pass beneath the ML to lift it for travel, the supports had to be
a minimum of 6.7 meters (22 feet) above ground level with a transverse spread
of 40.5 meters (133 feet). The support system had to resist hurricane wind loads

at the launch pad and yet allow the supported structural _rame to expand and

contract freely under wide ranges of temperature. Such a support system was
conceived and designed by the author. This system consists of six mount mech-

s_uisms (Types i through IIl), devised to meet the previously stated requirements

:_ plus a load-carrying capacity for each of 3.2-million kilograms (7-million pounds)
_ _ downward and 1.6-million kilograms (3.5-million pounds) upward. A similar but

lighter system of six mount mechanisms (Types IV through VI) were designed for

use in the sheltered environment of the Vehicle Assemily Building (VAB). Each

requirement and design result is discussed in the text, and each mount mechenis_
by location and type is defJned with references to visual presentations.

INTRODUCTION

t

The launch pad, MI erection area, _ud VAB mount mechanisms function to

support the ML and to provide clearm_ce for the crawler transporter to pass beneath
the ML. Six mot_itmecaanisms at the lat_ichpad support the weight of the ML and
the unfueled Saturn V vehicle and accommodate those horizontal and vertical loads

imposed by wind and thermal expansion. Prior to fueling, four extensible columns

are placed in position to minimize the rebound effect of the ML at launch vehicle

release during firing. Mount mechanisms at the erection area are similar to

those at the launch pad. The VAB must be utilized in the event of impending
hurricane winds when the launch vehicle is erect on the ML. Foundations at the

erection area are designed for hurricane wind loads, but the VAB provides an en-

closure for the ML and vehicle, reducing the foundation requirements there. The

_ _ six types of mount mechanisms with their mating process are discussed in the

following text. Since the mount mecn_isms always mate with the ML base, the

structural makeup of the ML is discussed first to explain the need for different _

_ types of mount mechanisms.
i_
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MOBILE LAUNCHER

The ML (see figure i) is basically a huge box-like platform 40.5 meters

(133 feet) _ide, 48.2 meters (158 feet) long, and 7.6 meters (25 feet) deep, and

structurally symmetrical about its longitudinal axis. It supports a ll5.8-meter
(380-foot) umbilical (service) tower at one end 8z,d furnishes support for the
vertical launch vehicle 24.4 meters (80 feet) from the tower's transverse

centerline. The platform has six primaiv supports--three mount mechanisms under

each of the outsi_e longitudinal girders. Both outside girders are supported at

each end a_d centrally at their intersections with the main transverse girder.
This girder supports the inboard legs of the tower 18.3 meters (60 feet) from

the end girder that supports the outboard legs. _ne ,pace between the two rows

of mount mechanisms, which are 6.7 meters (22 feet) high, allows clear passage-
way for the crawler transporter tc.pass beneath the ML to lift it for travel

(see figure 2).

MOBILE LAUNCHER (BASE) DESIGN

The basic _ structural frame is rectilinear, consisting of five main

girders, nominally 7.6 meters (25 feet) deep. Two outside girders are 48.2

meters (158 feet) long, framed between two end girders, 40.5 meters (133 feet)

long. The fifth ma_n girder is interior and located 18.3 meters (60 feet) from

one end girder and parallel to it. One mount mechanism support point is located

at each corner with a central support at each intersection of the interior girder

and outside girders.

SUPPORT COLUMN ASSEMBLY DESIGN

For horizontal control of the _'s expansion and contraction, three types

of support column assemblies were designed, which, to distinguish them from more

conventional supports, were designated "Mount Mechanisms, ._ype I, Type II and

Type III." With reference to the horizontal plane of support, the Type I is

fixed, the Type II allows freedom of movement either laterally or longitudinally
but fixed in the ot..erdirection, and the Type III allows freedom of movement in

both directions (see figure 2).

The various types of mount mechanisms are installed so that one side gird-

er and the interior girder are fixed laterally, but free to expand and contract
longitudinally with relation to their common intersection, which is fixed in the

horizontal plane. The opposite side girder is fixed longitudinally at its in-

tersection with the interior girder because the interior girder is fixed

laterally. The opposite side girder is free to expand and contract longitudi-

nally from that intersection in the direction of its intersections with the two
end girders. These intersections are free to move in any horizontal direction,

as the opposite ends of the end girders intersect at the side girder which is
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E fixed laterally. With this support system, the ML is stable and yet allowed

to expand or contract without inducing secondary stresses into the girder

system.
J

MOUNT MECHANISM DESCRIPTION
+

Type II Mount Mechanism (see figure 3) comprises an adjustable 914-

millimeter (36-inch) tubular column braced by an adjustable 457-millimeter +

(18-inch) tubular diagonal. The main shaft is h.3 meters (about 14 feet) be-

tween centers of ball Joints, created by 792-millimeter (SO-inch) hemispherical •

bearings, allowing ful_ articulation at each end. The centerline of the diago-
nal intersects the centerline of the column at the top center of rotation, con-

necting there with a pin and clevis Joint. The diagonal forms a nominal one-

to+-one slope with the vertical shaft, ending with a 457-millimeter (18-inch)

hemispherical bearing whose center of rotation is level with the bottom center
of rotation of the main shaft. This arrangement allows the shaft and diagonal
brace freedom to move only in a plane about the axis through these cer_ters of

rotation. Since relatively small movements are required for operational and

environmantal adjustments, the main shaft's top moves rectilinearly for all

practical purposes.

Each ball Joint consists of a hemispherical bearing and a yoke assembly.

The yoke consists of an externally threaded forging which flares out into a

spherical surface that forms the outer wall of the socket for the hemispherical

bearing; all spherical surf_,ces are centered on the ball-Jolnt center point. A

collar, whose inner surface is spherical, fits over the outer wall of the bear-
• ing socket and is securely bolted to the flange with which each ball-Joint end

of the main shaft and diagonal is provided. This arrangement provides ball-

Joint action if the member is in tension or compression.

, An internally threaded boss, flanged and drilled to bolt to the underside

of the ML, is screwed onto the column's top yoke. The column's bottom yoke is

screwed into an internall_ threaded boss, an integral part of the base plate

+ assembly, which is bolted to the foundation. A similar system is used for an-
choring the strut to the foundations.

Thus, the Type II Mount Mechanism, when bolted to the bottom of the ML,

allows the connected point of the ML structure to rotate freely, in flexure,
i

about the top ball Joint and move horizontally perpendicular to the nominal

column-strut plane but fixed against movement parallel to that plane. The fol-,+

lowing two types have the same basic design as the Type II but include features
that affect the horizontal movement of its ML connection in a different manner.

Type I Mount Mechanism (see figure 4) is simply a Type II Mount Mechanism
to which an additional strut has been added that lies in a plane 1.57 radians

(90 degrees) in relation to the plane of the strut/column when it is vertical.
T.Leadditional strut locks the top ball Joint and also the connected point of

+he ML in position, allowing no horizontal movement but allowing freedom for the
ML structure to rotate in flexure.
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Type III Mount Mechanism (see figure 5) is a Type II Mount Mechanism

without any side braces, allowing the connected point of the ML freeaom to move
in any horizontal directio- and to rotate in flexure.

On every mount mechanism, minor features are included to assist operating

personnel. A ladder is welded to each column shaft leading to a work platform

from which the alignment of the mount mechanism with the ML support point can be
observed and the securing bolts installed. Each column is provided with two

collmm centering Jacks for adjusting the top of the column horizontally. Where

a column is stabilized with a strut, the corresponding centering Jack is
disconnected,

When the ML is moved by the crawler transporter to its position over the
mount mechanism, the ML support points are very close to the centers of the

mount mechanisms. A support point is seldom as much as 50 millimeters (2 inches')

off center. The mount mechanisms are positioned to receive the 228-millimeter

(9-inch) diameter shear pin protruding from the bottom of the ML at each connec-

tion point by adjusting the struts or column centering Jacks before the ML is
lowered onto the mount mechanisms.

Each mount mechanism is designed to carry its full load with the top ball

Joint 152 millimeters (6 inches) off center of the column base, longitudinally

and laterally, simultaneously. Each mount mechanism (Type I, II, and III) is

designed for vertical loads of 3.2-million kilogr_ms (7-million pounds) downward

and 1.6-million kilograms (3.5-million pounds) upward. The struts are designed
for a full hurricane wind of 200 kilometers (125 miles) per hour on the ML, the

wind velocity being bs_ed on that at the lO-meter (30-foot) level.

VAB MOUNT MECHANISMS

The VAB mount mechanisms are designed and located under the ML in a pat-

tern similar to the outdoor moLmt mechanisms except they are lighter and simpler
because of the greatly reduced loads to which they are subjected (see figure 6).

Type IV Mount Mechanism (see figure 7) is the VAB counterpart of Type I in
that it allows no horizontal movement of the connected point of the ML structure

but allows freedom for that point to rotate in flexure. To conserve space, the

6.7-meter (22-foot) mount mechanism is 1680 millimeters (66 inches) square in

cross section, fixed to the foundation and with a ball Joint only near the top.

The yoke is flanged at the top for connection to the ML and rests directly on

the hemispherical bearing that can be adjusted horizontally with the linear

movement of a sliding plate system that rests on the column shaft. Two mutually

perpendicular screws are used to slide the bearing surfaces of an intermediate

plate and the flat surface of the spherical bearing in relation with one another

until the ball Joint is properly aligned under the ML connection point. Since

uplift is no problem in the shelter of the VAB, Type IV Mount Mechanisms are
designed only for compression loads up to 1.72-million kilograms (3.8-million

pounds ).
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Type V Molmt Mechanism (see figure 8) is merely a lighter and simpler

version of T_pe II, designed only for compression loads up to 1.72-million

kilograms (3.8-million pounds ). , •

: _ Type VI Mount !!echanism (see figure 9) is the lighter and simpler version

of Type III, designed only for compression loads up to 950-thousand kilograms

•, (2.l-million potu,ds ).

A nominal wind of 85 kilometers (54 miles) per hour was considered as the

basis for the horizontal load used to ensure the lateral stability of the ML in :

the VAB. This decreased horizontal loading allowed one less strutted Type V
Mount Mechanism to be used and a Type VI to be used in its place (see figure 6).

CONCLUDING REM_/_KS

Since the mount mechanisms were designed to su_pport the ML and vehicle at

the VAB, the erection area, and the pads, the different environments and needs

at each area necessitated different type mounts. Demands of space limitations,

weight, and wind loading with some freedom of movement for positioning caused

each type mount to be unique but universal in function. To allow for therz._al

effects of the ML base, positioning during ML and vehicle transfer, and vehicle
vertical positioning, various mount movements and adjustments had to be designed

into the mount mechanisms. This design has proven itself through many transfers
and launches of the Saturn vehicle.
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!. MOUNT MECHANISMTYPE h
2. MOUNT MECHANISMTYPE Ih
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4. SERVICE PLATFORM (TYPICAL FOR EACH MOUNT MECHANISM),

5. MOBILE LAUNCHER (ML).

Figare 2. Mount Mechanisms - General Arrangement in VAB
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Figure 8. Mount Mechanism _fpe Y With One Side Strut
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26. AUTOMATED PARKING GARAGE SYSTEM MODEL*

By

Earl R. Collins, Jr. **

Jet Propulsion Laboratory
California Institute of Technology

Pasadena, California

SUMMARY

A one-twenty-fifth scale model of the key components of an automated
parking garage system is described. The design of the model required trans-
ferring a vehicle from an entry level, vertically ( œ�T�¨�-Z),to a storage loca-
tion at any m e of four storage positions ( ��œ�-X,+Y, -Y) on the storage
levels. There are three primary subsystems: (1) a screw jack to provide the
vertical motion of the elevator, (2) a cam-driven track-switching device to
provide X to Y motion, and (3) a transfer cart to provide horizontal travel
and a small amount of vertical motion for transfer to the storage location.
Motive power is provided by dc permanent magnet gear motors, one each for
the elevator and track switching device and two for the transfer cart drive
system (one driving the cart horizontally and the other providing the vertical
transfer). The control system, through the use of a microprocessor, pro-
vides complete automation. This automation is accomplished by a feedback
system which utilizes sensing devices.

INTRODUCTION

The scarcity of adequate automobile parking capabilities, not only in the
United States but also in Europe and Japan, has become increasingly more
critical dur,ng the past decade, Increases in world automobile production
and the rising standard of living have coupled with the increases in urban
property values to compound this problem. The traditional solution, the
multilevel ramp garage, while satisfying many of tile requirements, has
several disadvantages; e.g., poor volumetric efficiency. Whereas mechani-
cal garages have been developed in the past, and nearly 1. 000 patents have
been issued in this field, few have been successful to even the slightest extent.
Such failures have been fundamentally attributedto: (I)economics, both in
construction and in service, and (2) mechanical problems.

*This paper presents the results of one phase of research performed at the Jet •
Propul_sionLaboratory, California Instituteof Technology, under Contract
No. NAS7-100, spol,sored by the National Aeronautics and Space Administra-

- tion.

• **Member of Technical Staff, Design Section, Applied Mechanics Division.
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While there is no panacea to all parking problems, the criteria
considered to be most critical in solving these problems are economics, volu-
metric efficiency, customer convenience, and reliability. The model described
in this paper represents the key elements of a unique automated parking garage
system that is considered by many to be superior to other forms of high den-
sity parking systems. This consideration is based upon its storage density,
capital costs per space, operational costs per space, personal safety features,
and optimal environmental impact.

This model was originally built for a proof-of-concept demonstration.
The scale of one-twenty-fifth was selected to be compatible with available
plastic scale-model automobiles, which, therefore, dictated the relatively small
scale of the model.

CONFIGUR AT ION

The basic configuration is shown in figure 1. An elevator is installed
in the center core. There are three floor levels; the top is the loading or
vehicle entry level and the bottom two are the storage levels. On each of the
storage levels, there is a storage position on each of the four sides of the
elevator. The storage levels have two sets of tracks, oriented 90 ° to each
other, crossing at the elevator and extending into the storage positions. The
transfer cart typically stays on the elevator but may travel to each of the four
storage slots on each floor.

ELEVATOR

The elevator is supported from and driven by two 1/4-28 lead screws
on diagonally opposed corners (see figure 2). They are kept in rotational
synchronization by a toothed slip-proof beit drive. The basic drive is a
small 1Z-volt dc permanent-magnet motor through a spur gear directly to the
master lead screw. There is also a slotted-wheel mounted on vhe master

lead screw to provide rotational counting capability, thereby elevator position,
by means of an electro-optical detector. There are limit switches at the
extreme elevator positions to prevent damage and to initiate and verify the
electronic counter.

TRACK SWITCHING

Directional control, fromX-X to Y-Y. is accomplished by means of a
track switching system mounted on the elevator (the track crossing position).
The track is HO model-train equipment, The segments of track, as opposing
pairs within the intersections, rotate down and out to clear the unused cart

wheel flanges. Also, when the track rotates up and in, close centering of the
cart is provided. The switching positions are: (1) X track and Y track seg-
meats both up toleck the cart on the elevator, (2) X track segments rotated
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out and down out of the way to allow Y direction travel, and similarly (3) Y
segments out of the way to provide X travel. The action is provided by a
small 3-volt dc gear motor driving a cam (see figure 3) that in neutral posi-
tionlocks the track up and when rotated 30° holds one track up and rotates the
other out of the way.

J

Small switches are mounted on auxiliary cams, to provide information
on the three operating positions.

TRANSFER CART

The transfer cart is the key element in the system. It provides horizon-
tal travel and vertical transfer (see figure 4). The horizontal drive is pro-
vided by a miniature 2-volt dc gear motor connected to two drive wheels for
each direction. Neoprene tires were added to flanged HO model-train wheels,
for added traction and quieter operation. As can be seen in figure 5, X and Y
drive wheels rotate together, the unused ones clearing the retracted track.
This allows travel in the +X, -X, +Y, and -Y directions with one gear motor by
simply controlling the + and - directions by changing the respective dc
polarity to the motor and the X and Y directions through the track switching.

The vertical transfer is accomplished by means of a vertical screw jack
system. To provide good stabilitywhen the platform is in the raised position,
four screw jacks are used. The originallyspecified S-volt motor was mar-
ginal in performance, so itwas replaced by a I2=volt unit. Reducing the face
width of alternate spur gears was a significantaid in minimizing gear load.
The finalvertical transfer drive was through a 1670 to I reduction gear-head
to the I/4-28 screw jacks.

COMMAND SYSTEM

The on-board electronics consis'_ of limit switches and a diode bridge

for the vertical-transfer drive, powe _ ana signal rail couUacts, and position

contact sensors. The system command st.uencing is provided by a micro-

processor containing 6 read-only memory chips containing 256 instructions
each and 4 random-access memory data chips containing a _otal random access

storage of 320 words.

Data input is through a hexidecimal keyboard with a display monitor.

The command system provides the capability of automatically sterlng
and retrieving vehicles in random order by vehicle Identlflcatton.
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Figure 3.- Track switching mechanism.

392 ORZGINALPAGE IS
OF POORQUALI_

i

1976012084-386



ORIGINALPAGE IS
oFPOORQUAI21_,

393

1976012084-387



_9/4 *U.S. GO¢ERNt.ILIrfp_,,._;KIN_3OFFICE= 1975 - 635-275/13

i

1976012084-388


